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Foreword (For First Edition) 



As the next millennium begins, we hope that in the years ahead the need for dial- 
ysis will be decreased by better preventive care, especially the control of hyperten- 
sion during the early stages of chronic renal disease. An increase in the number of 
donated kidneys and a decrease in their rejection rate also seems possible. In the 
meantime, it is our goal as dialysis professionals to do the very best job we can 
to make dialysis treatments as effective as possible in terms of patient survival and 
rehabilitation. 

Despite the excellence of this manual, in terms of dialysis dose, one conclu- 
sion is inescapable: the current recommendation for dialysis dose, although recently 
revised upward, is still too low to support the well-being needed for rehabilitation. 
Indeed, at a urea reduction ratio of 65%, which is the current minimum set by Medi- 
care, patients remain chronically uremic. The author does not say this, but if you 
read between the lines, he is trying to tell the reader that it is true. Furthermore, this 
dosage is based on observed (often malnourished) body weight, whereas it should 
be based on ideal body weight to reflect more accurately the needed dose. 

Equally bad for patient well-being is the fact that there is no margin of safety built 
into this minimum. I believe a margin of safety is essential since the delivered dose 
is not checked with every dialysis; yet every aspect of dialysis procedures works 
against delivering the prescribed dialysis dose. For example, if adverse intradialytic 
events occur during a session, the time lost is seldom made up. 

It is important to point out that the higher the weekly dose of dialysis the better. 
No adverse effects have been encountered no matter how high the dose. Pierratos 
has shown, with seven nights per week of home dialysis, a marked improvement in 
well-being, using a dose so large that phosphate had to be added to the dialysate. 

Access to the circulation still is the “Achilles heel” of hemodialysis, and recircu- 
lation is a major cause of under-dialysis. The native Cimino fistula remains the gold 
standard. Vein grafts should never be used in patients in whom any natural vein is 
usable. 

In the case of peritoneal dialysis, the danger of under-dialysis is ever present. 
Since the contribution by the native kidney in controlling uremia is more important 
in this group of patients, loss of residual renal function puts patients at risk for 
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severe under-dialysis. In this group the close monitoring of the dose, including that 
supplied by residual renal function, is particularly critical to avoid adverse patient 
outcome. 

The basic constraint that Dr. Ahmad has to live with in order to be realistic in 
his dosage recommendations is the “standard" 3^2 h, three times a week dialysis 
schedule. Both dialysis professionals and their patients must come to understand 
the basic fact that it is not possible, except in small patients, to give enough dialysis 
in 3 '/z h, three times a week, to support rehabilitation. The current dismally low 
rehabilitation rate supports this contention. As suggested in the text, there are many 
ways to get beyond this session time constraint, and I hope these suggestions will 
increase interest in pursuing them according to the needs of the individual patient 
because under-dialysis is a major cause of failure to rehabilitate dialysis patients. 

Of course, as soon as ways are found to break through this 3 h, three times 
a week session time barrier, other benefits begin to fall into place, such as correc- 
tion of chronic acidosis and especially the ability to control blood pressure. It is my 
opinion, which is based on a huge amount of practical experience and published ma- 
terial, that antihypertensive medications are totally ineffective in controlling blood 
pressure in the dialysis population. In addition, their use increases the incidence 
of hypotensive episodes, especially during short dialyses. Indeed, antihypertensive 
medications must be discontinued before the patient’s extracellular volume can be 
reduced to the level of dry weight. I define dry weight as that which reflects an 
extracellular volume small enough to render the dialysis patient normotensive and 
unable to tolerate antihypertensive medications. However, all this important infor- 
mation cannot be applied unless at least 12-15 h per week are devoted to being on 
dialysis. 

Even if professional staff optimize every aspect of dialysis according to the 
guidelines in this manual, there still remains a key task. Staff must convince the 
patients of the vital importance to their well-being of receiving the highest pos- 
sible dose of dialysis. Physicians in particular have proven to be poor advocates 
and teachers of this crucial objective. Patients must be made to understand that the 
higher the weekly dialysis dose, the better they will feel. Then it is up to the patients 
to decide whether it is a worthwhile trade off to spend extra time on dialysis in ex- 
change for better sense of well-being, without which rehabilitation is very difficult 
if not impossible. 



Seattle, Washington, USA 
July, 1999 



Belding H. Scribner, MD 
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Chapter 1 

Brief History of Clinical Dialysis: The Seattle 
Experience 



Although it was not until the 1960s that long-term dialysis in a clinical setting be- 
came a reality, dialysis as a treatment for renal failure had been the focus of interest 
for some time. By the end of the 1950s, Dr. B. H. Scribner had established an acute 
dialysis program at the University of Washington. In 1960, a uremic comatosed 
man who was thought to have acute renal failure was brought back to almost normal 
active life with intermittent hemodialysis. However, he was found to have chronic 
irreversible renal disease and had to be sent home to die; it became clear to the Seat- 
tle team that if long-term vascular access could be maintained, long-term dialysis 
would become a reality. This led to the development of the Scribner Shunt and the 
advent of chronic hemodialysis. 

The Seattle team developed an entire program to care for a population of pa- 
tients who had a chronic disease and who were being kept alive on a new form of 
treatment. New equipment and systems were developed and refined and solutions 
for unexpected problems had to be devised — specifically, treatment of hyperphos- 
phatemia, renal osteodystrophy, and hypertension. To make the treatment more prac- 
tical, by reducing the bulk of the dialysate through the use of concentrated dialysate, 
a proportioning system had to be developed and a substitute for bicarbonate was 
used to prevent the precipitation of calcium carbonate. This was achieved by using 
acetate. However, when acetate-related problems started to appear (due to the use 
of more efficient dialyzers, in the mid-1970s), a double proportioning system was 
developed to enable the use of bicarbonate again. As is often the case, the reso- 
lution of one problem often led to other unexpected difficulties. The commitment 
and ingenuity of the pioneers of dialysis treatment, however, meant that these hur- 
dles were overcome and the success of dialysis as a treatment for end-stage renal 
disease (ESRD) was assured. Later in the 1980s, another Scribner fellow, Joseph 
Eschbach, developed and used recombinant erythropoietin, and anemia-related is- 
sues became history. The pioneering work continues today; the most recent modifi- 
cation in dialysate was the development of a citric acid-based acid concentrate for 
dialysate. This is proving to be more beneficial to the patients than the currently 
used acetic acid-based acid concentrate. 
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1 Brief History of Clinical Dialysis: The Seattle Experience 



The shortage of resources in the early days of dialysis necessitated the found- 
ing of a patient selection committee to decide which of the needy patients would 
be accepted into the program. This committee (thought by many to be the founda- 
tion for the development of medical ethics) forced several actions with far-reaching 
consequences, one of which was the development of home dialysis. 

A young high-school student was found to have ESRD but was not accepted for 
dialysis by the patient selection committee. The team decided that home dialysis was 
a viable alternative if they could develop a smaller hemodialysis machine that could 
be used at home. The collaborative effort of Dr. Scribner’s clinical team and the 
engineering team of Dr. Albert L. Babb succeeded in building a home hemodialysis 
machine in only 3 months. This home machine became the prototype of machines 
in use currently. 

In early 1960s, Dr. Fred Boen joined the Seattle group and began treating a pa- 
tient using peritoneal dialysis (PD), with a closed system containing 20-1 (and later 
40-1) bottles. Henry Tenckhoff, a research fellow with Dr. Boen, treated patients at 
home using Boen’s repeated puncture technique. This technique, however, required 
aseptic access to the peritoneal cavity with a catheter each time dialysis was needed, 
and meant that Dr. Tenckhoff had to visit each patient’s home at least three times a 
week to insert the access device. Eventually, Dr. Tenckhoff developed the indwelling 
peritoneal catheter and a sterile technique for its insertion, which made it possible 
to use the new form of dialysis on a larger scale. 

A detailed analysis of the Seattle experience with intermittent PD (IPD) revealed 
the potential risk of under-dialysis and poor “technique survival rates” [1], suggest- 
ing that the dialysis dose needed to be increased. In 1965, Dr. Robert Popovich 
while in Seattle had become involved in the kinetics of the “middle molecule” 
across the peritoneal membrane before moving to Texas and becoming a pioneer 
of the continuous ambulatory PD (CAPD) technique. This continuous therapy im- 
proved the dialysis dose and made PD a viable technique of renal replacement ther- 
apy (RRT). 

Encountering a patient who was dying of malnutrition due to bowel disease. 
Dr. Scribner saw an opportunity to apply the group’s expertise in vascular access 
to another area of medicine. The development of Broviac (and later on Hickman) 
catheters and the “total parenteral nutrition” (TPN) program (operated by the 
nephrology team at the University of Washington) was a result of the vision and 
dedication of Dr. Scribner and his co-workers. 

This very brief account of the Seattle experience shows that the commitment of 
Dr. Scribner, his team, their collaborators, and community members accomplished 
more than the development of a dialysis access device. Their efforts led to the de- 
velopment of systems for dialysis, central venous catheters, parenteral nutrition, 
long-term care of ESRD patients, community-based dialysis centers, home dialysis 
programs, an early concept of dialysis dose calculation, and continued technological 
improvement. The development of the dialysis program established nephrology as 
a subspecialty and has also had far-reaching implications in the fields of bowel 
disease, organ transplantation, oncology, and for all acutely ill patients. It is now 
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difficult to imagine that less than 50 years ago, patients with ESRD had only one 
prognosis — death — and that patients with renal failure were connected to patients 
with liver failure so that each could be kept alive by the healthy organ of the 
other. 




1.1 Definition of Dialysis 

In broad terms, the process of dialysis involves bidirectional movement of molecules 
across a semipermeable membrane. Clinically, this movement takes place in and out 
of blood, across a semipermeable membrane. If the blood is exposed to an artificial 
membrane outside of the body, the process is called hemodialysis (HD) or hemofil- 
tration (HF). If the exchange of molecules occurs across the peritoneal membrane, 
the process is called peritoneal dialysis (PD). 



1.2 Mechanisms Involved in Molecular Movement 

The movement of molecules follows certain physiological and physicochemical 
principles that are outlined below (see Fig. 1.1a). 
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1 Brief History of Clinical Dialysis: The Seattle Experience 




Fig. 1.1 a Diffusion, osmosis, and osmotic ultrafiltration by osmotic pressure, b Hydrostatic ul- 
trafiltration. D diffusion, O osmosis, OU osmotic ultrafiltration, UF ultrafiltration by hydrostatic 
pressure, C convection 



1.2.1 Diffusion 

If two solutions of different concentrations are separated by a semipermeable mem- 
brane, solute will move from the side of higher to the side of lower solute concentra- 
tion. This process of solute movement on a concentration gradient is called diffusion 
and is caused by the random movement of the solute molecules striking and moving 
across the membrane. Several factors influence this random movement and thus the 
rate of diffusion. The transport of any solute or solvent molecule is dependent on 
the physical size of the molecule relative to the size of the pores in the membrane. 
Any molecules larger than the pores of the membrane cannot pass through. Sim- 
ilarly, the electrical charge and the shape of the molecule also determine the rate 
of transport across the membrane. If the membrane has a negative charge, particles 
with a like charge will have limited transport as compared with those with a positive 
or a neutral charge. 



1.2.2 Ultrafiltration 

A solvent such as water can be forced across a semipermeable membrane on a pres- 
sure gradient, from higher to lower pressures (see Fig. 1.1). The pressure could be 
a result of osmotic force (see below) or of mechanical hydrostatic pressure. The 
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solvent carries with it the dissolved solute molecules small enough to pass through 
the membrane pores (see below). This movement of molecules across a semiperme- 
able membrane, caused by a pressure difference, is called ultrafiltration (UF). If the 
pressure is hydrostatic, the process is called “hydrostatic UF.” Conversely, the UF 
caused by osmotic pressure is called “osmotic UF.” 



1.2.3 Osmosis 

As solute concentration increases, solvent concentration correspondingly decreases 
and vice versa. If a semipermeable membrane separates solutions of different con- 
centrations, solvent along with dissolved small solutes will flow from the side with 
the higher solvent concentration to the side with the lower solvent concentration. 
This process is called osmosis (see Fig. 1.1). 



1.2.4 Convection 

As solvent molecules move on a pressure gradient, the dissolved solute molecules 
are dragged along (solvent drag); this process of solute movement is called convec- 
tion. The ease with which the solute is dragged along is determined by the size of 
the solute molecule relative to the size of the membrane pores. Smaller solutes are 
transported easily and the entire solution can sieve across the membrane without any 
change in concentration. In contrast, larger solutes move more slowly and the rate 
of convective transport is slower. Thus, the convective transport of a solute depends 
on the porosity of the membrane. This porosity, known as the “sieving coefficient of 
the membrane,” can be calculated by dividing the concentration of solute on side A 
by the concentration on side B. 



1.3 Clearance 

In a clinical setting, the removal of a solute is measured in terms of clearance, the 
term being defined as the volume of blood or plasma from which the solute is com- 
pletely removed in unit time. Let us assume that the blood urea concentration across 
a hemodialyzer drops from 100 mg/dl at the inlet to 10 mg/dl at the outlet. This 90% 
decline represents the diffusion of urea from blood into the dialysate and depends 
largely on the concentration gradient between these fluids. However, the magnitude 
of the “cleaning” of blood also depends on blood flow rates (Qb). Thus, in the above 
example, a blood flow rate of 100 tnl/m in means that 90 ml of the blood was cleared 
of urea. However, for a blood flow of 200 ml/min, 1 80 ml of blood is cleared of urea 
each minute (see the example below for a more accurate calculation). Clearance 
measures the magnitude of blood cleaning, independent of the concentration of the 
solute entering the dialyzer. 
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1.3.1 Blood vs Plasma Clearance 

During transit across the dialyzer, most solutes are removed from plasma water 
(about 93% of blood volume, depending on plasma protein concentration). If the 
solute is not in the blood cells or if the movement of solute out of these cells is slow, 
the clearance of the solute decreases as the hematocrit increases (since the plasma 
volume decreases). Urea is often used as a solute to measure dialysis efficiency (it 
is present in plasma water as well as in erythrocytes), and the flux of urea across the 
erythrocyte membrane is reasonably fast. This means that urea is cleared from whole 
blood during dialysis and is not affected greatly by the hematocrit. The following 
example clarifies these concepts: 



Example 

Qb = 200 ml/min, hematocrit =35% 

Plasma flow rate = 200ml/min x (1 — 0.35) = 130ml/min 

Plasma water flow rate = 130 ml/min x 0.93 (93% of plasma is water) = 

121 ml/min 

Erythrocyte flow rate = 200ml/min— 130ml/min = 70ml/min 
Erythrocyte water flow rate = 70 ml/min x 0.80 (about 80% of erythrocyte 
volume is water [containing diffusible urea]) = 56 ml/min 
Thus, the whole blood water flow rate effective for urea clearance = 
121 ml/min+ 56 ml/min = 177ml/min 

If the blood water concentration of urea = lOOmg/dl at dialyzer inlet and 
lOmg/dl at outlet, the urea clearance of whole blood = 177 ml/min x 
{1 — [(10mg/dl)/ (100mg/dl)]} = 159ml/min 
This means that 159 ml of blood is cleared of urea each minute. 



1.3.2 Clinical Factors Influencing Dialysis Urea Clearance 

The three major determinants of urea clearance during hemodialysis are: 

Blood flow rate (Qb) 

Dialysate flow rate (Qd) 

Membrane (dialyzer/peritoneal membrane) efficiency 



Reference 
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Chapter 2 

Hemodialysis Technique 



As discussed in the previous chapter, the clearance of a solute is dependent on the 
Qb, Qd, and membrane efficiency. The dialyzer membranes have different pore sizes 
that are variably distributed, larger pores being fewer than smaller pores. Small so- 
lutes like urea can be transported through all pore sizes whereas the larger molecules 
such as vitamin B 12 or beta-2-microglobulin can only pass through the larger pores. 
Thus the clearance of the larger solutes, unlike urea, is more influenced by the mem- 
brane and less by Qb and Qd. 



2.1 Blood Flow Rate 

Because clearance is calculated using Qb, it would be understandable to mistakenly 
assume that the relationship between urea clearance and Qb is linear. However, al- 
though urea clearance increases steadily as Qb is increased from zero, at faster flow 
rates, the dialyzer is unable to continue to transport urea with the same efficiency 
and the urea concentration at the dialyzer outlet increases. In other words, the urea 
removed as a percentage of urea inflow into the dialyzer decreases and fas clearance 
is Qb multiplied by the fractional decline in urea) the clearance curve plateaus (see 
Fig. 2.1). 



2.2 Dialysate Flow Rate 

An increase in Qd generally increases the urea clearance. This effect is negligible, 
however, as long as Qd is 150— 250ml/min faster than Qb. With high-efficiency 
dialyzers, there is little (<10%) increase in urea clearance if Qd is increased from 
500ml/min to 800ml/min, provided that Qb remains 350ml/min. 
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Relationship Between Dialyzer Blood 
Flow and Urea Clearance 
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Fig. 2.1 Relationship Between Dialyzer Blood Flow and Urea Clearance 



2.3 Dialyzer Efficiency and Mass Transfer Area Coefficient 
(KoA) 



Dialyzer efficiency is measured in terms of clearance at a given Qb and Qd. Usually, 
these values are measured for urea and other solutes at a Qb of 200 ml/min and a Qd 
of 500 ml/min. Another measure of dialyzer efficiency is solvent removal in terms of 
the ultrafiltration coefficient (K u f). However, dialyzer efficiency is more accurately 
measured as the mass transfer coefficient (KoA). The KoA of a solute is defined as 
the maximum (theoretical) ability of a membrane to allow the transfer of a solute 
through its pores when Qb and Qd are unlimited. Thus, KoA is the clearance of a 
solute when dialysate and blood flow are not the limiting factors. The higher the 
value of KoA, the more permeable the membrane for that solute. Thus, the higher 
KoA of a dialyzer for a solute, the more that solute would be cleared, and this value 
is proportional to the surface area and porosity of a membrane. However, if the 
surface area becomes too large, the relationship will not remain linear (this will 
be further discussed later). 



2.4 Different Hemodialysis Techniques 
2.4.1 Traditional Hemodialysis 

In traditional hemodialysis, blood flows on one side and the dialysate on the other 
side of a dialyzer membrane (see Fig. 2.2). To maximize solute movement, the blood 
and dialysate flow in opposite directions (counter current flow). In this technique. 
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Dialysis Techniques 



Hemodialysis Hemofiltration 



From 




Hemodiafiltration 



Blood 




Blood 



Fig. 2.2 Replacement fluid can be added to the circuit either before (pre-dilution) or after (post- 
dilution) the dialyzer/filter 



diffusion is the predominant method of solute clearance. There is a very small 
amount of hydrostatic UF to remove the excess fluid volume (usually 2-3 1) gained 
between dialysis sessions, contributing a small solute clearance by convection. 



2.4.2 Hemofiltration 

The technique of hemofiltration (HF) uses a large quantity of hydrostatic UF. Plasma 
ultrafiltrate is replaced with plasma-like electrolyte solution. Solute removal is 
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achieved by convection (solvent drag), and volume control by the difference be- 
tween the volume removed and the volume replaced (see Fig. 2.2). This technique 
can be intermittent (IHF) or slow and continuous (CHF). CHF is used in acute re- 
nal failure and uses an arterial catheter to remove blood from the patient and a 
venous catheter to return the blood. This technique is called continuous arteriove- 
nous hemofiltration (CAVH). The same technique, using only a dual-lumen venous 
catheter, is called continuous venovenous hemofiltration (CVVH). 



2.4.3 Hemodiafiltration 

In order to improve solute clearance, hemofiltration (convective transport) may be 
combined with diffusive transport by allowing dialysate to flow on the ultrafil- 
trate side. Intermittent use of this technique is called hemodiafiltration (HDF) (see 
Fig. 2.2), while continuous use (commonly used in acute renal failure) is called 
continuous arteriovenous hemodiafiltration (CAVHD) or continuous venovenous 
hemodiafiltration (CVVHD), depending on the location of the catheter(s). 



2.4.4 Slow Low Efficiency Dialysis (SLED) 

Slower removal of solutes is better tolerated than rapid removal. Thus, in an acutely 
ill patient, sometimes the slow removal is achieved by reducing the dialysate flow to 
300ml/min or lower with blood flow not exceeding 200ml/min, and the treatment 
time is prolonged to 8-24 h. This technique, slow low efficiency dialysis (SLED), is 
better tolerated with less hemodynamic instability. 



2.4.5 Ultrafiltration 

If volume removal alone is needed, it can be achieved by intermittent UF (IUF) or 
slow and continuous UF (SCUF), without replacement of ultrafiltrate. 



2.5 Hemodialysis Setup 

Hemodialysis apparatus can be divided in two major components (see Fig. 2.3): 

Blood circuit 
Dialysate circuit 
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Fig. 2.3 Hemodialysis Setup 



2.5.1 Blood Circuit 



The blood circuit comprises: 

Tubing set with ports, drip chambers, and an access device 

Blood pump 

Hemodialyzer 



2.5. 1.1 Tubing Set 

Blood is drawn from the patient into the blood tubing, either through a central ve- 
nous catheter or through a needle inserted into the patient’s vascular access (fistula 
or graft). Blood tubing can be divided into two major segments. The segment that 
carries blood from the patient to the hemodialyzer is traditionally called the “arte- 
rial segment,” while the segment that carries blood from the dialyzer back to the 
patient is called the “venous segment.” Usually, each of these segments has a drip 
chamber into which blood flows and any air rises to the top. Blood drains from the 
drip chamber into the blood tube, continuing its course toward the dialyzer from the 
arterial and to the patient from the venous drip chamber. Pressure in these segments 
is monitored (arterial pressure monitor 1 in arterial drip chamber located before the 
blood pump and venous pressure monitor in the venous drip chamber), and if it goes 
beyond the set ranges, the alarm sounds and the blood pump stops. The venous drip 
chamber also has a level and air detector. If the blood level drops below the detector 
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level because of too much air, an air alarm sounds, the pump stops, and the tubing 
segment below the drip chamber is clamped to prevent any air being introduced into 
the patient. Some systems have an additional arterial pressure monitor between the 
blood pump and the dialyzer (arterial pressure monitor 2) that enables the reading 
of pressure between the pump and the dialyzer. The pressure in the arterial segment 
before the pump (monitor 1) is negative and after the pump (monitor 2) is positive, 
reflecting the resistance caused by the dialyzer. Pressure in the venous segment is 
positive, reflecting the resistance caused by the vascular access. The drop in pressure 
between post pump pressure and venous pressure represents the effect of ultrafiltra- 
tion. For the calculation of transmembrane pressure (TMP), either the average of the 
two pressures (if post pump arterial pressure is measured) or the venous pressure is 
used. The TMP is the pressure on the blood side of the dialyzer membrane minus the 
pressure on the dialysate side. The blood tubing is usually sterilized using ethylene 
oxide (Eto), thus, the blood tubing needs to be thoroughly rinsed prior to connecting 
the tubing to the patient. 

Caveat: Pre-setup rinsing of the blood segment must remove all ethylene oxide (Eto), failure 
to do so often causes an allergic reaction in the patient during the treatment. When this 
happens despite a thorough rinse, the allergic reaction is usually caused by inappropriate 
rinsing procedure and/or a poorly constructed tubing set. As shown in Fig. 2.3, during the 
rinse, Eto backed up in the heparin line (Eto shown as purple, A&B); if the heparin line is 
not flushed before connecting to the patient, the heparin pump will inject Eto into the patient 
first, causing an allergic reaction (Fig. 2.3A). Figure 2.3B shows that a poorly constructed 
clamp left a small segment where the Eto can collect during the rinsing process, and the 
patient eventually may be exposed to this Eto during the treatment, evoking a reaction. 

To avoid this, the clamps on the side branches should be good quality and close to the 
main tubing segment. The procedure should ensure flushing of the heparin and other side 
branches during the rinse cycle. 



2.5. 1.2 Blood Pump 

The most common type of blood pump is the roller design. Rotating rollers compress 
the pump segment of the tubing and sweep the blood forward. The speed of rotation 
determines Qb. The usual Qbs range from 200 to 500ml/min in adults (median rate 
about 350ml/min). If the pump is set at a certain rate but access is unable to provide 
blood at that rate, the pressure in the arterial chamber 1 drops below the set range and 
the alarm stops dialysis. Similarly, any excessive resistance to blood being returned 
to the patient increases pressure in the venous drip chamber and the system will stop 
if the set range is exceeded. There are two access-related reasons for insufficient 
blood flow — that the arterial segment is not receiving the desired blood flow or that 
the venous side cannot return the flow back to the patient. The former means that 
the pump is causing too much negative pressure. This pressure limit is usually set 
at — 200mmHg, with any drop below this limit sounding the alarm. Problems with 
the return of blood cause the pressure in the venous drip chamber to increase and a 
pressure greater than 200 mmHg is usually considered unsafe. 

The blood pump is a “demand driven” pump; thus, the blood pump rotation (flow 
rate) is set at a fixed rate and the pump “demands” blood at this rate. The design of 
the pump is inflexible, leading to frequent alarm interruptions. The other common 
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problem with the blood pump is the trauma the rollers cause to the pump segment of 
the blood tubing (spalling), limiting the tubing’s useful life [1]. The pump segment 
tubing material is silicone rubber and the rest of the blood tubing is usually made of 
polyvinyl chloride. The diameter of the pump tubing segment determines the “stroke 
volume” of blood per sweep. This requires that the rollers completely occlude the 
tubing segment, incomplete occlusion would reduce the stroke volume and Qb. At a 
very high pump speed, often the arterial pressure becomes too negative and tubing 
may partially collapse, again reducing the stroke volume and Qb. To get the reliable 
Qb, the pump needs to be frequently checked and calibrated. 



2.5. 1.3 Hemodialyzer 

The dialyzer is the site of the movement of molecules (dialysis process) and is 
the critical part of the dialysis apparatus. It contains a semipermeable membrane, 
through one side of which flows blood and the other side dialysate. This membrane 
consists of either thousands of capillary fibers (hollow fiber dialyzers) or of a sheet 
that is arranged in parallel plates (parallel plate dialyzers). The hollow fiber design 
is the version used most frequently (see Fig. 2.4). The major components of this are: 

Blood ports — carry blood into (arterial port) and out of (venous port) the dialyzer 
Headers — from the blood port, the blood enters the arterial header space and di- 
alyzed blood enters the venous header space (before entering the venous blood 
port) 




Fig. 2.4 Cross Section of a Dialyzer 
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Potting material — the hollow capillary fibers are anchored to the dialyzer casing 
with a potting material, separating the blood from the dialysate compartment 

Space between header and fibers — this critical space is where clotting most often 
occurs 

Capillary fibers — about 10,000 capillary fibers made of permeable material are 
contained within the dialyzer casing. The blood flows inside the fibers and the 
dialysate flows on the outside 

Dialysate ports — there are two ports on the side of the casing, one for dialysate 
inflow and one for the outflow 

Space between ports and potting material — this space is critical because dialysate 
flow (and thus clearance) in this space is relatively poor 



Dialyzer Characteristics 

Selection of a dialyzer is based on material and performance characteristics: 

Membrane: The material that constitutes the membrane can be divided into four 
broad groups: 

(i) Cellulose membrane: Early material derived from plant polysaccharide was 
called cellophane. Later, other forms of cellulosic materials (based on the 
manufacturing process) were used; these included cuprophan (cuprammonium 
cellulose), saponified cellulose ester, and regenerated cellulose. The cellulosic 
membranes were widely used and are less expensive than the other membrane 
materials but cause more immunoactivation. Their use in the USA over recent 
years has declined because of being less bio-compatible. 

(ii) Substituted cellulose membrane: The cellulose membranes described above 
contain free hydroxyl groups that are thought to activate complements when 
exposed to blood. In an attempt to reduce this, free hydroxyl groups have been 
bonded to materials like acetate to form substituted cellulose membranes such 
as cellulose acetate, diacetate, and triacetate. These are thought to be more bio- 
compatible. 

(iii) Mixed cellulosic-synthetic membrane: During the manufacturing process, a 
tertiary amine compound is added to the cellulose thus the membrane sur- 
face becomes more biocompatible. These membranes are called Hemophan 
(Cellosyn). 

(iv) Synthetic membrane: Several synthetic membranes are currently in use. These 
differ from cellulosic membrane in several aspects. The synthetic membranes 
are generally more biocompatible, have higher hydraulic permeability, and are 
more expensive. Some of these membranes also adsorb plasma proteins, im- 
munoglobulins, and complements. Common synthetic membranes materials 
include polysulfone (PS), polyacrylonitrile (PAN), polycarbonate, polymethyl- 
methacrylate (PMMA), and polyamide. 

Biocompatibility of the membrane: The dialyzer membranes cause activation of 
blood cells, complement blood cells, and complement cascade. This is thought to 
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occur mostly by free hydroxyl moieties present on the surface of cellulosic mem- 
branes. The activated cells produce cytokines and lead to various clinical sequelae 
and dialytic reactions. Antioxidants are also produced during dialysis and new dia- 
lyzers are being produced in which the membrane is coated with antioxidant materi- 
als such as vitamin E. The use of these dialyzers has been reported to be associated 
with less production of oxidants. The biocompatibility is attributed to the membrane 
material, with cellulosic membranes being the least biocompatible, synthetic mem- 
branes the most biocompatible, and others in between. The potting materials as well 
as the middle layer (the layer between the two skins of the membrane) can also 
cause bio-incompatibility. 

• Dialyzer performance: Dialyzer performance is judged by solute clearance and 
UF characteristics: 

(i) Solute clearance: The solute removal characteristic of a dialyzer is one of the 
key measures of its performance. It is reported in terms of clearance of solutes 
such as urea, creatinine, phosphate (PO4), uric acid, beta-2-microglobulin, and 
vitamin B12. Clearance depends on the thickness and surface area of the mem- 
brane and on the density, characteristics, and size of the pores. 

Urea clearance is the most commonly used measure, since it is used in the 
calculation of the dose of dialysis. The clearance data provided by the manufac- 
turer usually comes from in vitro experiments using water and is always higher 
than the blood clearance obtained in vivo. Therefore, the manufacturer’s in vitro 
data must not be used to determine the dialysis prescription using urea kinet- 
ics. Generally, creatinine clearance is 70-95% of urea clearance. PO4 and uric 
acid clearances are not always reported but can be useful in treating markedly 
elevated PO4 or uric acid levels (e.g., those encountered with tumor lysis syn- 
drome and acute renal failure). However, PO4 is an intracellular ion and, using 
a dialyzer with a high PO4 clearance, the plasma value can fall quickly without 
a major impact on total body removal of this ion. Vitamin B12 (with a molecu- 
lar weight of 1355) has lower clearance and helps in defining the permeability 
of the dialyzer for larger (middle) molecules. Recently, beta-2-microglobulin 
clearance has also been used as a method of assessing membrane characteris- 
tics, particularly the flux of the membrane. 

(ii) UF characteristic: The UF characteristic of a dialyzer is measured as the K u f, the 
volume of plasma water removed per hour per mmHg of TMP, and is reported 
in terms of the ultrafiltration rate (ml/h/mmHg). Thus, the UF rate (UFR) can be 
accurately calculated for each treatment from the K u f of the dialyzer and TMP 
during the procedure. 

Example 

A dialyzer with a K u f of 4 ml/h/mmHg is used for a treatment. The prepump 
arterial pressure is —100, the post-pump arterial pressure is not measured, the 
venous pressure is 100 mmHg, and the patient needs to lose 2.7 kg during a 




16 



2 Hemodialysis Technique 



3-h run. What should be the dialysate pressure to achieve the above UF goal 

if no UF modeling is used? 

TMP = P b -P d and UFR = TMP x K uf ; UFR = 2, 700 ml/3 h, or 900 ml/h 

where P b is the pressure on the blood side and P d is the pressure on the 
dialysate side of the membrane 

900 ml/h = TMP x 4ml/h/mmHg; or TMP = 900 ml/h 4 ml/h or 225mmHg 

225mmHg = P b -P d , or 225 = 100 — P d ; or P d = —125 mmHg, or the dialysate 
side would have to supplement the blood side pressure by having a negative 
pressure 

If a dialyzer with a K u f of 15 is used and rest of the variables remain 
unchanged, the lOOmmHg venous pressure would cause more UF than 
desired, in this case, the P d would be positive to slow down the UFR by 
countering the P b 

TMP = 60 and P d = 40(P b remains 100). 

From the above example, it is clear that dialyzers with a high K u f can cause excessive 
UF and need fine balancing of pressure from the dialysate side in order to prevent 
over ultrafiltration. Thus the dialyzers with a K u f of >8ml/h/mmHg should only be 
used with machines with volumetric control ability. In dialyzers with a very high 
K u f (such as lOOml/h/mmHg), a large pressure drop occurs along the length of the 
capillary fiber and often a back-leak of dialysate occurs or even a small leak in the 
membrane can cause infusion of dialysate from the venous end of the fibers into 
the blood. For this reason, very porous dialyzers may be safe only with ultrapure 
dialysate. 

Surface area and porosity of the membrane: Dialyzer clearance is dependent on 
the porosity of the dialyzer and the total surface area of the dialyzer membrane. The 
surface area of most dialyzer membranes ranges from 0.8 to 2.1m 2 . For the less 
biocompatible membranes such as cuprophan, the larger the surface area, the more 
potential there is for immunoactivation (see below). 

Priming volume: Priming volume is the volume of the blood compartment of the 
dialyzer and is therefore equal to the volume of blood that will fill this compartment. 
For dialyzers used with adults, this volume ranges from 50 to 150ml. 

Membrane thickness: Usually, thin membranes are more permeable than thicker 
membranes. However, thinner membranes cannot withstand as high a TMP as 
thicker membranes. 

In addition to dialyzer performance characteristics, the dialyzer sterilization tech- 
nique may be of importance. The most common method of sterilization is with Eto. 
Removal of Eto prior to use of the dialyzer is very important because some patients 
experience a severe anaphylactic reaction to small amounts of Eto, which is diffi- 
cult to remove from the potting material without thorough rinsing. In Eto-sensitive 
patients, only dialyzers sterilized by alternative methods (e.g., gamma radiation or 
steam autoclaving) should be used. Because of the risk of severe reaction to Eto, 
this method is becoming less commonly used and gamma radiation and steam ster- 
ilization are becoming more popular. 
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High-Efficiency High-Flux Dialyzers 

Dialyzers that are more efficient and contain high flux membranes have become 
very popular during the last two decades. It is worthwhile to clarify the various 
membrane characteristics because confusion regarding the definitions and terminol- 
ogy is prevalent. Flux: The term flux defines the ability to ultrafilter plasma wa- 
ter, or the K u f of a membrane. Thus, a membrane with K u f of <10ml/h/mmHg is 
called a low-flux membrane and a membrane with >20ml/h/mmHg is called a high- 
flux membrane. Efficiency: Efficiency denotes the solute removal by diffusion based 
on the KoA of urea; membranes with a KoA urea of <500ml/min are called low- 
efficiency membranes and those with >600ml/min are called high-efficiency mem- 
branes. Generally, the high-flux dialyzers also have high-efficiency membranes and 
vice versa. However, theoretically, the two could be very different (Fig. 2.5). 

Mass transfer area coefficient (KoA): As discussed in Chapter 1, the KoA is 
the clearance of a solute at infinite Qb and Qd, usually expressed in terms of urea 
clearance or KoA urea . This theoretical value can be calculated from clearance and 
blood and dialysate flows: 

KoA = (Qb x Qd)/(Qb — Qd) x ln[(l — Ks/Qb) (1 — Ks/Qd)], 

where Ks = the dialyzer clearance of a solute such as urea. Thus, the KoA value is 
more affected by clearance than Qb or Qd. 
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Fig. 2.5 Clearances of different size solutes by low and high efficiency and low and high flux 
dialyzers 
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Reuse of Dialyzers 

Traditionally, dialyzers have always been reprocessed and reused — mainly for con- 
venience and to save time. With the popularity of the more expensive high-efficiency 
dialyzers, cost saving has become the major factor for reuse. However, recently, the 
interest has shifted from reuse to no reuse, because of the concern about the process 
and its effect on the treatment and patient. Although there is no clear evidence of 
reuse having any adverse effect on patients or treatment, some reports even have 
cited the possible benefit of reuse. With no reuse, the cost of dialysis supplies in- 
creases, and the impact on the environment by increasing the amount of contami- 
nated waste is of major concern. 

The reuse technique involves rinsing with clean water and/or cleaning agents 
such as sodium hypochlorite (bleach), hydrogen peroxide, or peracetic acid. Af- 
ter thorough cleaning, the dialyzer is sterilized; formaldehyde is the most common 
agent used but glutaraldehyde has also been used for this purpose, and there has 
been interest in using heat. Before the dialyzer is used again, several safety checks 
are mandatory: 

Dialyzers are tested chemically to ensure that no sterilizing agent remains. 
Membrane patency is checked by the use of a pressure test. 

Dialyzer efficacy is tested to ensure that enough membrane surface is still avail- 
able for dialysis. This is done by measuring the fiber bundle volume (FBV). If the 
FBV is >80-85% of the baseline value, the dialyzer is deemed to have an adequate 
number of patent fibers. Any dialyzer with a lower value should be discarded. 



2.5.2 Dialysate Circuit 

The major components of the dialysate circuit (Fig. 2.6) are: 
Dialysate 

Dialysate delivery system 



2.5.2.1 Dialysate 

These days, bicarbonate dialysates are almost exclusively used for dialysis. Concen- 
trated dialysate that is proportioned by mixing with treated water in the machines 
is the most common form. However, mixing of concentrated NaHCC >3 and CaCh 
leads to the precipitation of CaCC> 3 . 

CaCl 2 + NaHC0 3 -> Ca(HC0 3 ) 2 + NaCl -> CaC0 3 + H 2 0 + C0 2 

The precipitation is avoided by separating the concentrated NaHCC >3 (B- 
concentrate) from the rest of the constituents of the dialysate (A-concentrate). To 
further reduce the risk of CaCC >3 formation, an acid is added to the A-concentrate, 



2.5 Hemodialysis Setup 



19 



this keeps the pH of the final dialysate below 7.4 after the proportioning and mix- 
ing of the A- and B-concentrates. The lower pH drives the equation to the left, 
resulting in more soluble calcium chloride and calcium bicarbonate instead of less 
soluble calcium carbonate formation. Based on the acidifying agent, two types of 
A-concentrates are available: 

Acetate-containing acid concentrate (acetate dialysate): The acid concentrate 
contains acetic acid, usually 4mEq/l (in liquid concentrate) or 8mEq/l (in powdered 
concentrate, Granuflo® Fresenius) in the final dialysate. 

Citrate-containing acid concentrate (citrate dialysate): The predominant acid is 
citric acid, usually 2.4mEq/l, with 0.3.mEq/l acetic acid (Citrasate®, Advanced 
Renal Technologies). The composition of the rest of the constituents is identical in 
the two forms of dialysate. 

Clinical effects: The presence of citric acid has been reported to have some ben- 
eficial effects, mostly related to its anticoagulant properties (Table 2.1). During the 
recent years, there have been concerns about acetate causing activation of cells and 
inflammatory markers. There is a lot of interest in further reducing or removing 
acetate from the dialysate. 

Liquid versus dry concentrate: Both acetate- and citrate-containing concentrates 
are available in either dry form or liquid form. The dry concentrate is dissolved 
in appropriate volume of treated water before connecting it the machine. Exam- 
ples of dry forms are Granuflo® (8mEq/l acetate) by Fresenius, and DRYalysate® 
(2.4mEq/l citrate) by Advanced Renal Technologies. Examples of liquid formula- 
tions are Naturalyte® and Citrasate®, by Fresenius and Advanced Renal Technolo- 
gies, respectively. 



Table 2.1 The clinical effects of the two currently used acid concentrates 



Type of dialysate 


Disadvantages 


Advantages 


Acetate-containing 


Intradialytic compli- 


— 


bicarbonate dialysate 


cations, 

Activation of cells 
Activation of inflam- 
matory proteins 




Citrate-containing 


Decrease in Ca and 


Reduced clotting: 


bicarbonate dialysate 


Mg 


• Increase in the 
dose of dialysis 

• Heparin-free 
acute/chronic 
dialysis 

• Reduced heparin 
chronic dialysis 

• Increase in reuse 
of dialyzer 



The B-concentrate is usually 25 times concentrated and the A-concentrate either 
35 or 45 times concentrated. 
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Bicarbonate concentrate: Bicarbonate is available in powder form. The powder is 
either mixed manually with appropriate volume of water prior to connecting to the 
machine, or the powder comes filled in a cartridge and is attached to the machine. 
With the cartridge form, the water is delivered to the cartridge and the concentrated 
solution is used directly from the cartridge by the machine. 

Lactate-containing dialysate: In a small number of home dialysis patients using 
frequent and slower rate dialysis, the NxStage machine uses a dialysate that contains 
lactate in place of bicarbonate as a basic anion. 

Thus, currently used dialysates contain bicarbonate as the predominant basic an- 
ion (used for the vast majority of patients) or lactate (used for only a small number 
of patients). 



2.5. 2.2 Dialysate Delivery System 

The dialysate delivery system blends and provides dialysate to the dialyzer, monitors 
dialysate quality, and controls and monitors UF from the patient. It can be divided 
into four major components: 

Water preparation system: Treated (purified) water (see Section 2. 5. 2. 4) is de- 
livered to the machine, where it is heated to an appropriate temperature (34-39°C) 
by a heater (see Fig. 2.6) and deaerated (usually by subjecting the heated water to 
a negative pressure, using a pump). Water is then delivered to the proportioning 
system. 

Proportioning system: There are different types of proportioning systems based 
on whether dialysate, water, or both are metered. Simply stated, the proportioning 
system takes appropriate volumes (based on how concentrated the concentrate is) 
of parts A and B of the concentrate and mixes them with the appropriate volume of 
(in the appropriate ratio) treated water to form the final A and B dialysates, the final 
mixing of the two diluted parts A and B makes the final dialysate; the composition 
is shown in Table 2.2. The final dialysate is then checked for proper mixing (propor- 
tioning) by measuring the conductance of electricity through the final dialysate. The 
rate of flow of an electric current through any solution is proportional to the con- 
centration of electrolytes present in the solution, thus, distilled water is a very poor 
conductor of electricity, and the salt solution is a good conductor. Thus, from the 
rate of electrical conductance, the concentration of salt in the solution can be ver- 
ified. Roughly, the conductance is about 1/1 0th of the sodium concentration, thus 
a dialysate of 135mEq/l sodium concentration should have a conductivity value 
of 13.5 ms/s. If the conductivity of the dialysate is in the acceptable range, the 
dialysate is allowed to proceed to the dialyzer. If the conductivity is out of range, 
the dialysate is diverted to the bypass loop. The temperature of the dialysate is also 
monitored prior to its passage through the dialyzer, if the temperature is out of range, 
the dialysate is diverted to bypass. It is important to have separate and independent 
sensors monitoring and controlling the proportioning units. 
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Volumetric -controlled machines: These machines have two integral parts to en- 
sure accurate ultrafiltration, (1) the balancing chamber and (2) the UF controller 
(Fig. 2.7). 

1. Balancing chamber: The risk of over-ultrahltration because of the use of per- 
meable dialyzers required the development of a machine that could accurately 
track the ultrafiltration and control the rate. This was achieved by ensuring that 
dialysate inflow into and outflow out of the dialyzer were same. The “balancing” 
of the two flows is most commonly achieved by allowing the inflow and outflow 
into a rigid chamber and keeping the two volumes separated by a diaphragm 
that deflects an equal distance from the middle. This balancing chamber concept 
works by inflowing a fixed volume into the chamber, and the fixed deflection of 
the diaphragm pushes an equal volume out of the chamber. The interplay of the 
four sets of one-way valves ensures that an equal volume of dialysate goes into 
and comes out of the dialyzer. Two sets of these balancing chambers acting in 
alternate cycles achieve a more continuous flow of the dialysate. 
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Table 2.2 Ranges of dialysate components. Citrate dialysate has 2.4 mEq/L citrate and 0.3 mEq/L 
acetate 



Composition of Dialysate (mEq/1) 



Sodium 


135-145 


Potassium 


0-4 


Calcium 


2. 5-3. 5 


Magnesium 


0.5-1. 5 


Chloride 


98-112 


Acetate /Citrate 


4-10 / 2.4 


Glucose 


0-200 


Bicarbonate 


35-40 



■o o 

n. . CD ED' 

Post pump m .< 

Arterial pressure^ a Ultrafiltrate 




CONCENTRATES 



Fig. 2.7 Dialysate delivery system. *Only one concentrate is used with acetate dialysate 



2. UF controller: A separate line branches out of the dialysate outflow line, the 
flow in this line is controlled by a UF pump. The pump in turn is controlled by 
a central computer unit that gets information from the dialyzer inlet and outlet 
pressures for both blood and dialysate; the unit also gets information about the 
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required rate and net volume of UF fed into the machine prior to the treatment. 

This computer unit then controls the UF rate by controlling the UF pump. 

Monitors and detectors: For safety, several monitors and detectors are used in the 

dialysate delivery system: 

(i) Conductivity monitor: As discussed earlier, the appropriate mixing of concen- 
trate with water is monitored by conductivity. Because this monitor essentially 
checks the electrolyte concentrations in the final dialysate, any malfunction 
that is accompanied by abnormal proportioning can be potentially fatal for the 
patient. Any deviation from the narrow set range leads to the sounding of an 
alarm and the interruption of dialysis. 

(ii) Temperature monitor: Patients need to be dialyzed with dialysate at 36-42°C. 
Dialysis at <36°C is associated with the patient feeling cold and uncomfortable, 
and a dialysate temperature of >42°C is associated with severe hemolysis and 
cardiopulmonary arrest. The dialysate temperature is monitored and a ther- 
mostat controls the water heater. Any increase in temperature beyond the set 
range triggers an alarm and dialysis is stopped (usual safe range set between 
35-39 C). 

(iii) Blood leak detector: Blood leak sensors are placed on the dialysate outflow 
line. These are usually flow-through photo-optical or blue frequency spectrum 
sensors. 

(iv) pH sensors: Some machines have a pH electrode as part of the proportioning 
system. These are generally used to prevent any mistake in connecting the ap- 
propriate concentrates to the machine (e.g., B concentrate not being connected). 

(v) Arterial and venous pressure monitors: Both arterial and venous drip chambers 
are connected to a pressure sensor through a filter. The pressure ranges are set 
in the safe range to monitor the blood delivery to and from the system. The 
prepump arterial pressure would usually be a negative number representing the 
demand by the pump. Generally, the safe lower limit of the arterial pressure 
is no lower than — lOOmmHg. The venous pressure is generally kept below 
200mmHg. 

(vi) Air detector: An air detector is located on the venous drip chamber. If too much 
air collects, an alarm sounds, the pump stops, and a blood line below the drip 
chamber is clamped to prevent an accidental infusion of air. 



2.5.2.3 Dialysis Water 

Drinking water contains chemical, microbiological, and other contaminants. A 
healthy adult drinks about 10-12 1 of water per week, this water goes across a se- 
lective barrier of the gastrointestinal tract, and excess chemicals are removed by 
the healthy kidney. In contrast, during dialysis, a dialysis patient is exposed to more 
than 350 1 of water weekly, the water passes through the nonselective dialyzer mem- 
brane, and there is no kidney to maintain the normal balance of chemicals. More- 
over, the highly permeable high-flux membrane used today increases the risk of 
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Table 2.3 Toxic effects of water contaminants documented in HD patients 



Toxic Effects of Water Contaminants Documented 




In HD Patients 


Contaminants 


Toxic Effects 


Aluminum 


Encephalopathy, Bone Dis. Anemia 


Calcium/Mg 


Nausea, Vomiting, Weakness, Head- 
ache, HTN, Malaise, Cardiac Prob. 


Copper 


Hemolysis, Fever, Headache, Hepatitis 


Chloramines 


Hemolysis, Anemia, Methemoglobinemia 


Fluoride 


Bone Disease, Osteomalacia, Arrhythmia 


Nitrate 


Cyanosis, MetHb, Hypotension, Nausea 


Sodium 


HTN, Pulm. Edema, Headache, Thirst, 
Confusion, Seizure, Coma 


Sulfate 


Nausea, Vomiting, Acidosis 


Zinc 


Anemia, Nausea, Vomiting, Fever 


Microbial Cont. 


Chills, Fever, Septicemia, Liver Injury 


Pyrogen 


Pyrogenic Shock, 



contaminants passing through the membrane and into the blood. Table 2.3 gives the 
commonly present contaminants and medical syndrome caused by these in dialysis 
patients. Some common contaminants have been shown to be injurious to patients. 
Contaminants include aluminum (causing bone and brain problems and anemia), 
copper (causing hemolytic anemia and febrile reactions), and chloramine (causing 
hemolytic anemia). If the large quantities of salt and electrolytes that are normally 
present in the water are allowed to remain, higher concentrations of these occur in 
the final dialysate. The Association for the Advancement of Medical Instrumenta- 
tion (AAMI) has recommended minimum standards for the water used in dialysis 
(see Table 2.4) [2], 

Thus, the water for dialysis must be purified of these contaminants prior to its 
use by the proportioning system of the dialysis machine. 



2.5.2.4 Water Treatment System 

Two major types of water purification systems are in common use: (1) reverse os- 
mosis (R/O) and (2) deionizer (D/I). However, to protect and prolong the lives of 
R/O membrane or the D/I resins, water goes through several steps of ‘'pretreatment” 
(Figs. 2.8 and 2.9). 

Pretreatment system: The first component of the pretreatment system is a sed- 
iment filter that removes sediments such as silt, rust, and clay as water percolates 
through the filter. Next, there is a water softener that is filled with resin charged 
with NaCl; as water passes around these resin beads, the Ca and Mg in the water are 
exchanged with NaCl, thus, water coming out has less Ca and Mg. The softner is pe- 
riodically recharged by flushing it with brine. The water next is passed through a set 
of activated charcoal columns. Some organic contaminants and especially the chlo- 
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Table 2.4 AAMI standard of water quality for dialysis 



Substance 


Maximum allowable concentration (mg/1) 


Aluminum 


0.01 


Chloramines 


0.1 


Copper 


0.1 


Fluoride 


0.2 


Nitrate 


2.0 


Sulfate 


100.0 


Zinc 


0.1 


Arsenic 


0.005 


Barium 


0.1 


Cadmium 


0.001 


Chromium 


0.014 


Lead 


0.005 


Mercury 


0.0002 


Selenium 


0.09 


Silver 


0.005 


Calcium 


2.0 (0.1 mEq/L) 


Magnesium 


4.0* (0.3 mEq/L) 


Potassium 


8.0* (0.2 mEq/L) 


Sodium 


70.0* (3.0 mEq/L) 


Antimony 


0.006 


Free Chlorine 


0.50 


Thallium 


0.002 



’Maximum allowable error (adapted with permission from [2]) 
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Fig. 2.8 Components and loop of water treatment for hemodialysis 
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Pretreatment 
Same as Figure . 



Deionizer 



Permeate Loop 
(figure ...) 




0.1 0.2 0.45 

micrometer 



Fig. 2.9 Deionizer as the water purification method and associated components 



line and chloramines are adsorbed on the charcoal surface and removed from the 
water. This is important because chloramines can damage the R/O membranes and 
are not effectively removed by the D/I. Exhaustion of the charcoal column has led 
to several significant incidences of chloramine toxicity. It is, therefore, required that 
treated water is checked for chloramines at least three times a day to ensure proper 
functioning of the charcoal columns. Sets of several gradually decreasing sizes of 
filters (from 5 to 2 (dm) are placed to remove smaller particles. The pretreated water 
is then passed through the final water treatment system, either R/O or D/I. 

Reverse osmosis system (R/O): Membranes with very small holes are arranged 
in a cartridge either in the form of a parallel plate or capillary fibers. The holes 
are so small that they only allow water molecules to pass through, retaining any- 
thing larger, including sodium and urea. The pretreated water is forced through these 
holes by a pump that generates enough pressure to squeeze water molecules against 
higher osmolar pressure, thus, the name, reverse osmosis. The membrane separates 
the pure water or permeate from the “rejected” water, the pure water is allowed to 
circulate through the dialysis unit to be used for the dialysate proportioning; the 
rejected water is drained out. The R/O membranes are made from either cellulosic 
or synthetic materials. Cellulosic membranes are prone to be damaged by bacteria, 
whereas the synthetic membranes (polyamide, polysulfones, etc.) are more vulnera- 
ble to chemicals such as chloramines and chlorine. The efficacy of the membrane is 
continuously monitored by measuring the resistance to electrical current through the 
product (permeate) and feed water. A membrane that rejects >85% of conductant 
water is considered to be functioning well, if this rejection rate goes below 85%, 
the membrane needs to be changed. The rejection ratio = (1— [conductivity perme- 
ate/conductivity feed water]) xlOO. Deionization (D/I): Removal of inorganic ions 
by exchanging the inorganic ions with H + and OH - ions is the process of D/I. The 
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most common type is a mixed-bed D/I that consists of resins fixed with H + (cation) 
and other resins coated with OH ions (anion). As water with dissolved inorganic 
ions percolates first through the cation exchange resin, the dissolved cations (Na, 
Ca, Mg, etc.) are exchanged for H + . Water then passes through the anion exchange 
resins and anions (Cl, FI, NO3, etc.) are exchanged with OH , H + , and OH', then 
forming pure water that, after going through submicron filters and often ultraviolet 
light, is permitted to loop around the unit. The product water coming out of D/I is 
monitored by checking the resistivity, which should be greater than 1 m£2 /cm to be 
acceptable. 

Most of the major catastrophies afflicting groups of patients have been caused by 
improperly treated water delivering contaminants to the blood. Thus, it is mandatory 
to use an effective water treatment system and to continuously monitor the quality 
of the water. Moreover, the increased use of highly permeable high-flux dialyzers 
increases the potential for the transfer of contaminants into the blood, thus, the water 
needs to be further purified. Some units use a tight membrane filter (dialyzer); the 
dialysate passes across this first dialyzer prior to its delivery to the patient dialyzer. 
This “ultrapure” dialysate further protects the patient. 
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Chapter 3 

Anticoagulation 



Contact with a foreign surface leads to clotting of blood, because of the activation 
of intrinsic pathways and platelets. Clotting of the extracorporeal system stops the 
dialysis system, thus, the prevention of clotting is necessary for the dialysis to pro- 
ceed. However, the partial clotting of dialyzer fibers or, more importantly, of the 
pores of the membrane, reduces the effective surface area, thus, reducing the effi- 
cacy of the treatment. The partial clotting of the pores of the membrane is one of 
the most under appreciated limitations of the treatment. The loss of the dialytic effi- 
cacy, particularly for the larger molecules, often goes unrecognized and inadequate 
dialysis in those patients who clot easily is very common. In one study when pa- 
tients with lower Kt/V urea (K = dialyzer urea clearance, t = duration of dialysis, 
and V = volume of distribution of urea) were dialyzed against citrate-containing 
dialysate, the Kt/V urea increased significantly [1], In another study [2], the Kt/V 
urea was significantly lower (Fig. 3. 1) in those patients who had a limited number of 
reuses of dialyzer (most likely from loss of fiber bundle volume from clotting) than 
those with a higher number of reuses. With citrate dialysate, the number of reuses 
and Kt/V urea increased in the first group. These data point to the need for effective 
anticoagulation during the treatment. Further, the activation of the clotting cascade is 
known to produce proinflammatory proteins that, in turn, activate the inflammatory 
cascades; inflammation is commonly reported in dialysis patients. Unfortunately, 
dialysis patients are also at increased risk of bleeding due to platelet dysfunction, 
at the same time clotting of the extracorporeal system and of the vascular access is 
a common occurrence. These factors pose a major challenge to the proper manage- 
ment of dialysis patients. The other complicating factor is the differing sensitivity 
of patients (and sometimes the same patient at different times) to the most com- 
monly used anticoagulant, heparin. Anticoagulation methods are described below 
(Fig. 3.2). 
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3 Anticoagulation 




Fig. 3.1 Comparison of Kt/V in patients with lower and higher reuse on regular dialysate and 
citrate dialysate. (From Reference 2) 



2. Heparin (10-50 units/kg/hr) 




Three Common methods of anticoagulation 
Fig. 3.2 Three common methods of anticoagulation during hemodialysis 



3.1 Heparin Anticoagulation 



The most common anticoagulant for dialysis continues to be heparin. Unfrac- 
tionated heparin is a highly charged linear glycosaminoglycan (GAG) made up 
of repeating disaccharide units (typically 2-9 units), alternating amino sugar 
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(glucosamine) and uronic acid residues. Heparin is largely metabolized by the 
liver and no dose adjustment in renal failure is needed. Heparin works by activating 
antithrombin and binding with thrombin and with factor Xa, thus, these important 
clotting cascade steps. Heparin anticoagulation leads to systemic anticoagulation of 
the patient thus increasing the risk of bleeding. 

There are two main techniques of heparinization. 



3.1.1 Systemic Standard Heparinization 

The technique of systemic standard heparinization is most commonly used in sta- 
ble chronic dialysis patients and initially a heparin bolus (about 2,000-3,500 U) is 
given, usually through the venous line of the dialysis access, to increase the base- 
line activated clotting time (ACT) to 200-250 s (normal range, 90-140 s). This bolus 
dose may be followed by continuous infusion of heparin (500-2,000 U/h) to main- 
tain the ACT in the therapeutic range of two times baseline ACT. To prevent ex- 
cessive bleeding, heparin must be discontinued 30-60 min before the termination of 
treatment. Some centers use a single bolus dose of heparin at the start of treatment, 
dose in excess of 5,000 U, and then 1,000-U boluses as needed. The latter method 
usually uses more heparin than the former. Unfortunately, in the USA, most cen- 
ters have stopped monitoring ACT because of increased oversight requirements and 
expenses involved with the cost and maintenance of the machines. The efficacy of 
heparinization is judged by the inspection of the dialyzer and drip chambers at the 
termination of dialysis. With the decline in the reuse of dialyzer, unfortunately, the 
fiber bundle volume loss or decreased reuse as a measure of increased clotting is not 
available to judge the anticoagulation efficacy. More vigilance to prevent excessive 
clotting is needed. 



3.1.2 Low-Dose Heparinization 

If risk of bleeding is high, a more stringent heparin protocol is used in those patients 
at risk of bleeding — the target ACT in this situation being 150-200 s 1.25 times 
baseline. In general, a dose of 5-10 U/kg is administered, followed by either no 
heparin or a very slow infusion of 250-500 U/h. If ACT declines or if clotting is 
suspected, small bolus doses of heparin (e.g., 500 U) are administered in place of a 
continuous infusion. 



3.1.3 Low Molecular Weight Heparin 

Low molecular weight heparin (LMWH) is composed of smaller fractions of the 
heparin molecule (4-6 kDa). In contrast to unfractionated heparin, the LMWH 
does not bind thrombin but activates antithrombin and binds factor Xa. LMWH 
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is administered as a single bolus at the start of dialysis and has been used safely in 
dialysis patients. Some of the claimed potential advantages (such as reduced risk 
of bleeding and beneficial effect on plasma lipids compared with heparin) have, 
however, not been proven and one study reported no significant benefit over citrate 
anticoagulation [3]. Because LMWH fractions are generally more expensive than 
heparin, it may only be useful if regular heparin or citrate cannot be used. The ef- 
ficacy is measured by anti-Xa activity, which is not widely available. The dose is 
expressed as anti-Xa units (Institute Choay units) and the usual per treatment dose 
is 125-250 anti-Xa units/kg, with the lower dose (125 anti-Xa units/kg) used if there 
is risk of bleeding. Because of the expense, it is not widely used in the USA. 



3.2 Problems with Heparin Anticoagulation 

Heparin is an effective and inexpensive method of controlling coagulation, how- 
ever, it has several major drawbacks (Table 3.1). The risk of excessive bleeding is 
its major limitation, under these condition, its use is limited. Thus, in the presence 
of active bleeding, presurgery, postsurgery, in major trauma, and in the presence of 
serositis, such as pericarditis, heparin cannot be used. Heparin-induced thrombocy- 
topenia (HIT) seems to be increasingly diagnosed and, in the presence of heparin 
antibody, heparin use is contraindicated. LMWH also must not be used because 
the risk of cross reactivity is very high. Hypertriglyceridemia and low HDL levels 
have been reported with unfractionated heparin but not with LMWH, however, this 
has been disputed recently. Hyperkalemia caused by the suppression of aldosterone 
synthesis has been reported to improve slightly with the use of LMWH instead of 
unfractionated heparin. Other less common adverse events are listed in Table 3.1, 
however, recently, there have been more troubling reports about the proinflammatory 
effects of both unfractionated and LMW heparin compared with citrate anticoagu- 
lation, thus, this topic needs more attention. The outbreaks of infection caused by 
a contaminated heparin-filled syringe led to the recall of these syringes by the US 



Table 3.1 Complications of heparin anticoagulation and some common alternatives 



Complications 


Alternatives 


Bleeding risk, active bleeding 


No heparin, low-dose heparin, citrate 


Heparin-induced thrombocytopenia (HIT) 


No heparin, citrate, heparinoids, thrombin 
inhibitors 


Lipid disorders 


Alternative agents 


Osteoporosis 


Not studied well 


Pruritus 


Alternative agents 


Hyperkalemia 


LMWH, alternative agents 


Hair loss 


Alternative agents 


Induction of inflammation 


Citrate 



LMWH Low molecular weight heparin 
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Food and Drug Administration (FDA). Improperly manufactured heparin causing 
widespread fatalities have underlined the need for improved quality standards. 



3.3 Alternatives to Heparin 

Several alternatives to heparin anticoagulation have been used; all have some limi- 
tations in terms of expense, complexity, or length and irreversibility of the anticoag- 
ulation. Citrated dialysate has recently emerged as the least expensive and simplest 
alternative, although it is not universally effective. 



3.3.1 Citrate Anticoagulation 

Citrate is one of the best and longest used alternatives to heparin [4], Citrate pre- 
vents clotting by binding with the calcium necessary for the clotting cascade. This 
type of anticoagulation is only effective as long as there is no calcium. The systemic 
circulation has enough calcium, and, once in the systemic circulation, the calcium 
citrate uncomplexes, the citrate is metabolized through Kreb’s cycle, and the cal- 
cium is added to the calcium pool. The net result is that the citrate anticoagulates 
only the extracorporeal system, thus, there is no risk of increased bleeding. Two 
major methods of citrate anticoagulation are in common use. 



3.3.1.1 Citrate Dialysate (Local Citrate) Anticoagulation 

As discussed in Chapter 2, a new dialysate that contains 2.4mEq/l of citrate in 
the final dialysate (Citrasate™ and DRYalysate™, Advanced Renal Technologies, 
Kirkland, WA, USA) appears to bind with calcium locally at the level of dialyzer 
membrane thus preventing the clotting of dialyzer capillary fibers and its pores. This 
novel method to use citrate in the dialysate has been successfully and safely used 
during the last 8 years in the USA. The use of new dialysate has been reported be 
associated with a significant increase in the delivered dose of dialysis without any 
other change in dialysis treatment variables. The authors have proposed that the 
presence of citrate in the dialysate keeps the dialyzer fibers and pores open, thus, 
increasing solute transport [6]. 

The evidence of this comes from several studies and wide use of citrate dialysate 
without heparin in both chronic and acute dialysis. Several studies have shown sig- 
nificant increase in dialysis dose associated with citrate dialysate, with the authors 
suggesting that the reduction in clotting at the local dialyzer level was responsi- 
ble for this increase. Similarly, successful completion of dialysis with a significant 
reduction of heparin or heparin-free dialysis with citrate dialysate has also been re- 
ported; again, supporting the view that the small amount of citrate is effective in 
preventing clotting of the dialyzer. Advantages to this technique include its simplic- 
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ity, just switch the acid concentrate, its low cost, and virtually no side effects of 
citrate even with long treatments of 20 h and in patients with multi-organ failure, 
including liver failure. There is no risk of bleeding, whether used in conjunction 
with heparin or heparin free, the heparin-free citrate dialysis has been successfully 
used intra-operatively during liver transplantation. 



3.3. 1.2 Regional Citrate Anticoagulation 

Traditional method: Citrate is infused into the early arterial segment of the blood 
tubing, calcium is removed from the dialysate, and calcium is infused into the ve- 
nous segment prior to returning the blood to the patient. Thus, the blood in the 
extracorporeal system is anticoagulated. Trisodium citrate solution (102 mmol/1) is 
infused at 2-6% of the blood flow rate (the rate is higher for the first few minutes 
of treatment and then it is decreased). Because of the potential for citrate toxicity 
(cardiac arrhythmia), a 4% citrate solution is now used in place of tri-sodium citrate. 
Infusion of calcium into the venous line restores the ionized calcium level before the 
blood is returned to the patient. This extracorporeal anticoagulation reduces the risk 
of bleeding. It is important to remember that the blood being returned to a patient 
should not be calcium free, since this can cause potentially fatal cardiac arrhythmias, 
especially if central venous catheters are used for dialysis access. For this reason, in- 
fusion of calcium should commence as soon as citrate infusion is started. A calcium 
chloride solution (made as a 3-5% solution and infused at a rate of 0.5 ml/min) can 
be infused into the venous tubing segment close to the patient. 

Modified citrate anticoagulation: In an attempt to simplify the technique, citrate 
anticoagulation with a calcium-containing dialysate and without calcium infusion 
has been successfully used [5]. This simplifies the citrate anticoagulation procedure 
considerably, and although serum calcium needs to be monitored carefully, with 
proper attention and adjustment of calcium level, this method can be used without 
significant problems. 

Citrate anticoagulation reduces the risk of bleeding and keeps the dialysis sys- 
tem free of clots. However, it has several disadvantages: it is more expensive than 
heparin, it has been associated with more fluctuations in serum calcium levels, and 
it can cause hypernatremia and alkalosis (Table 3.2). To avoid the latter two com- 
plications, the citrate solution should always be made in aqueous dextrose solution, 
and the dialysate bicarbonate concentration should be reduced to about 25 mEq/1. 



3.3.1.3 Heparinoids 

Heparinoids are mixture of heparin, dermatan, and chondroitin sulfates (e.g., 
Danaproid). These mostly block factor X activity and are renally excreted, thus, 
in renal failure, the half-life is prolonged. Danaproid can cross react with heparin 
antibody and should be used with caution. 
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Table 3.2 Comparison of three methods of anticoagulation 



Issues 


Heparin 


Citrate dialysate 
(local) 


Regional citrate 


Cost 


Least expensive 


Relatively inexpensive 


Most expensive 


Anticoagulation 

efficacy 


Very effective 


Modestly effective 


Very effective 


Complexity 


Requires pump or 
bolus, relatively 
simple 


Very simple, just 
connect dialysate to 
machine 


Very complex, 
monitoring of calcium 
required 


Risk 


Significant, bleeding 
and Table 3.1 


Minimal (none 
reported) 


Significant: 
hypernatremia, 
hypocalcemia, 
alkalosis, arrhythmia 



3.3. 1.4 Direct Thrombin Inhibitors 

Direct thrombin inhibitors act by directly inhibiting thrombin thus blocking the ter- 
minal step in the clotting cascade. Argatroban is synthetic molecule that is me- 
tabolized in the liver and cannot be safely used in liver failure. Argatroban is 
usually administered as an initial bolus of 250 Jig/ kg followed by infusion at a 
rate of 2|fg/kg/min. Recombinant hirudin also inhibits both thrombin-induced and 
platelet-induced clotting but, unlike heparin, it does not cause platelet aggregation. 
Recombinant hirudin is administered as a single bolus at the start of dialysis. The 
prolonged half-life of hirudin in dialysis patients increases the risk of bleeding. 
Hirudin is also more expensive than heparin. 



3.3.1.5 Prostacyclin and other Prostanoids 

Prostacyclin and other prostanoids are potent platelet inhibitors. Prostacyclin has a 
very short half-life and has been used as a constant infusion of about 4 ng/kg/min. 
However, the expense and the incidence of side effects (including vasodilation and 
hypotension) limit its use. 



3.4 No Anticoagulation 

In patients at high risk of bleeding complications (particularly in acute cases), dial- 
ysis can often be successfully carried out without any anticoagulation, and several 
different approaches to this have been used. In one method, the dialyzer and tub- 
ing set are presoaked with 2,000-7,000 U of heparin for >30 min. It is important 
to rinse all heparin out before connecting the patient to the machine. Alternatively, 
periodic (every 30 min or so) rinsing of the blood circuit with saline minimizes the 
risk of clotting. Often both of these methods are used. In the majority of hospitalized 
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patients, dialysis can be performed safely without anticoagulation, the only draw- 
back being that the process is labor intensive. 

Use of erythropoietin (Epo) to prevent anemia seems to be associated with in- 
creased clotting and, as such, requires better anticoagulation. With the popularity 
of high-flux and high-speed dialysis, it is important that appropriate attention to an- 
ticoagulation be paid, to avoid under dialysis (due to clotting of fibers) or access 
thrombosis. 
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Chapter 4 

Vascular Access 



A long-term, reliable, dependable, and safe method of repeatedly accessing pa- 
tient’s blood has been, and continues to be, one of the most difficult challenges for 
hemodialysis therapy. The Scribner shunt was a milestone, allowing the use of long- 
term hemodialysis for the first time, but problems with thrombosis and infection 
were common, and the shunt is no longer commonly used. However, access-related 
issues continue to be the Achilles heel of hemodialysis management, exacting sig- 
nificant cost, morbidity, and mortality. Current access techniques can be divided into 
permanent and temporary access. 



4.1 Permanent Access 

4.1.1 Preparation 

Preparation for a permanent access, preferably a fistula, must begin as soon the pa- 
tient is diagnosed with progressive chronic kidney disease. Initially the preparation 
involves the preservation of peripheral veins as a future site. The importance of this 
cannot be emphasized enough, because these literally are to be the lifeline of the pa- 
tient. Thus, venipuncture should only use most distal small veins or, if larger veins 
have to be used, a very experienced person should use these to prevent permanent 
damage or clotting. Indwelling lines, such as a peripherally inserted central catheter 
(PICC), in the peripheral veins must be avoided at all cost. If it cannot be avoided, 
then it perhaps is better to use a PICC in the central veins for the minimal possible 
duration. 

A complete history and physical examination prior to the referral to the surgeon 
avoids potential problems later. Venous study by duplex Doppler is usually sufficient 
to aid the surgeon in selecting the best site. In unclear cases, venography can be used, 
as long as the risk of contrast media on the renal function are seriously considered. 
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The starting diameter of the target artery and vein are often used as predictor 
of successful arteriovenous (AV) access. There is controversy about the minimum 
diameter of the starting vessels for a successful outcome, however, arterial and ve- 
nous diameters of smaller than 1 .5 mm usually do not result in a successful fistula. 
Some think that the minimum acceptable diameter of a vein should be 2.5 mm for a 
useable fistula. Venous and arterial dilation tests have also been proposed to predict 
the outcome; thus while doing the Doppler study, the occlusion of a vein leading 
to a 50% increase in the internal diameter of the vein is considered a predictor of a 
good fistula. 



4.1. 1.1 Preferred Access Choice 

It is quite clear that the AV fistula is by far the preferred vascular access and, in every 
patient, this must be considered first. Kidney Disease Outcomes Quality Initiative 
(KDOQI) guidelines (2006) suggest the following preferences in order: 

(i) A wrist (radial-cephalic) primary AV fistula 

(ii) An elbow (brachial-cephalic) primary AV fistula 

If the above are not possible, then: 

(iii) A transposed brachial basilic vein fistula 

(iv) An AV graft using synthetic material (such as polytetrafluoroethylene [PTFE]) 

The long-term use of cuffed tunnel catheters must be discouraged, and they should 
be used only as a last resort. 



4.1.2 Arteriovenous Fistula 

In the mid-1960s, Drs. Cimino, Brescia, and coworkers described the AV fistula, 
created by subcutaneous anastomosis of the cephalic vein and radial artery. Over 
time, the venous segment (receiving a large flow of arterial blood under pressure) 
dilates and develops a thickened wall (arterializes). This segment can be accessed 
with dialysis needles, providing blood for dialysis. To date, the AV fistula is by 
far the best method of vascular access. Review of the literature by the DOQI group 
found that the AV fistula has the “longest life with least complications” and a “longer 
intervention-free life” than any other vascular access method [1]. Thus, the AV fis- 
tula is the current method of choice for access. 



4.1.2.1 Technique 

Under appropriate anesthesia, the artery and veins are exposed surgically, and the 
distal end are brought to close proximity and anastomosed. The vessels are joined 
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Common Arteriovenous Fistula Sites 




Brachial artery 
Basilic vein 



Anastomosis of brachial 
artery to basalic vein 
(less desirable since basilic vein 
is too deep, unless vein is moved) 



Radial artery and 

cephalic vein are anastomosed. 

Cephalic vein dilates 

into a radio-cephalic 

fistula 



Fig. 4.1 Common arteriovenous fistula sites 



side-to-side or the side of the artery is joined to the end of the vein (side-to-end). 
The most commonly used vessels are the radial artery and the cephalic vein (radio- 
cephalic fistula; see Fig. 4.1) [2], 

With AV anastomosis, arterial pressure is transmitted to the vein, which dilates 
and thickens. The side-to-side technique may cause venous hypertension, leading to 
edema and discomfort in the hand. In the side-to-end technique, the distal part of the 
vein is tied and there is no venous hypertension. In contrast to the Scribner shunt (see 
below; Section 4. 1.6.1), the artery remains patent and blood supply to parts distal to 
the anastomosis is open. However, anastomosis causes a low resistance flow from 
artery to vein, and blood may be diverted straight to the vein rather than through the 
distal capillaries; this may result in ischemic complications (steal syndrome). 

In patients with forearm veins that fail to develop, an upper arm fistula may be 
used. The brachial artery and either the cephalic or the median cubital vein are 
joined side-to-side near the elbow to create a brachio-cephalic fistula (see Fig. 4.1). 
This type of fistula usually provides high flow, but the length of the usable venous 
segment is limited. Thus, this technique should be used only when the more distal 
radio-cephalic location is not available. 




40 



4 Vascular Access 



4.1.2.2 Fistula Use 

Fistulae should not be used for at least 2 months after their creation, because use 
before the venous wall is mature can shorten its life. Some think that the longer the 
wait prior to use, the better the outcome of the fistula, so it is important that the need 
for dialysis is anticipated and a fistula is created months prior to its use. 



4.1.2.3 Arteriovenous Fistula Complications 

• Postoperative swelling, edema, and pain: These are common and tend to improve 
within a few days. Raising the arm usually helps to alleviate these symptoms. 

(i) Early postoperative thrombosis: This can be caused by surgical or by patient- 
related problems. Low-dose heparin or an antiplatelet agent may be of benefit 
and a 24- to 48-h heparin infusion immediately after surgery may prevent clot- 
ting in high-risk patients. 

• Failure of fistula maturation: If the venous segment fails to dilate and develops a 
thick wall, it cannot be used for dialysis. Possible reasons include: 

(i) Poor surgical technique (with poor anastomosis) or stenosis at the anastomosis 
with poor flow into the vein. 

(ii) Several tributaries draining the blood and one main venous segment not devel- 
oping. In this situation, partial ligation of non-fistula tributaries may solve the 
problem. 

(iii) In some patients (including children, older patients, and patients with diabetes 
mellitus) the fistula may fail to develop for no apparent reason. 

• Access in obese patients: In obese patients with a thick subcutaneous layer, the 
fistula may be difficult to access. Moving the vessels to the subcutaneous area 
can solve this. 

Late failure: This is usually caused by thrombosis or stenosis. A stricture higher 
up in the venous segment can cause high venous pressure during dialysis and poor 
flow, with a high rate of recirculation. Stenosis at the anastomosis will reduce inflow 
to the dialysis blood circuit, causing prepump arterial pressure to be too low. These 
problems can be diagnosed by fistulography. Surgical removal of the thrombus and 
correction of any anatomical problem should be attempted immediately upon de- 
tection. Any significant delay leads to enlargement and adhesion of the thrombus 
to the venous wall, requiring a more involved surgery and often more trauma to the 
vessel wall. 

Infection: Wound infection after surgery and infection in the area of needle in- 
sertion are common. Needle insertion infection, cellulitis (involving the skin over 
the fistula), and sepsis are often seen and can usually be treated with appropriate 
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antibiotics. If the fistula is severely infected or if infection recurs, an alternative 
access may have to be used while the infection is being treated. 

Aneurysm: Large aneurysms and/or pseudo-aneurysms are common in long- 
standing fistulae. Surgical intervention is needed only if the skin over the dilated seg- 
ments shows signs of pressure changes or if there is a risk of bleeding or thrombosis. 

Venous hypertension: This is a complication of side-to-side anastomosis. The 
high pressure in the venous segment interferes with venous drainage from the hand, 
causing pain in the thumb or whole hand. If caused by proximal stenosis, this ve- 
nous ischemia can be corrected by revision of the stenosis, followed by ligation of 
the distal vein. This preserves the fistula and corrects the problem. If venous hy- 
pertension is severe, however, the fistula may have to be removed and other access 
created. 

Steal syndrome: This is associated with paresthesias, pain, skin changes, and 
muscle wasting. Usually it can be corrected surgically by reducing the blood flow 
through the fistula. 

Cardiac failure: A relatively rare complication, seen in patients with poor my- 
ocardial function. In patients with more than one fistula, the large volume of blood 
being returned to the heart can cause high-output failure. Cardiac output, measured 
first with the vascular access patent and then repeated with pressure occlusion of the 
access, can show the influence of the fistula on cardiac output. If the fistula is having 
a significant effect on cardiac output, it can be moved or the flow can be reduced. 

Poor flow: Sometimes the fistula provides poor flow with very high venous or 
very low arterial pressures in the dialysis circuit. In these circumstances, there is a 
risk of high recirculation and poor dialysis (see above). 



4.1.3 Arteriovenous Graft 

If a native venous fistula cannot be created, tubal material can be grafted under the 
skin between the artery and the vein and used as blood access. Several graft materi- 
als (autogenous, heterogenous, and synthetic) have been tried, including saphenous 
vein, bovine carotid artery, and PTFE. PTFE grafts are the most commonly used, 
and results with bovine and saphenous vein graft have been less satisfactory. 

An AV graft can be created almost anywhere in the arm (or, although this is rare, 
in the thigh), as a straight tube or as a loop between an artery and an appropriately 
sized vein. One common location is to insert the graft between the radial artery 
and the basilic vein; another is to loop the graft between the brachial artery and the 
basilic vein (see Fig. 4.2). Both the arterial and venous segments where the graft 
is to be inserted are exposed with separate incisions, and the graft is inserted in a 
freshly created subcutaneous tunnel with one end sutured to the side of the artery 
and the other to the side of vein. 
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Graft Access Techniques 



Brachio-basilic graft Radio-cephalic graft 




Fig. 4.2 Graft access techniques 



4.1.3.1 Graft Use 

Grafts have been used immediately after surgical creation but immediate use of 
grafts may cause extravasations of blood into the tunnel around the graft, leading 
to compression and graft loss. Infection can also be a risk if a graft is used before 
wound healing has occurred and edema has subsided. For these reasons, a minimum 
wait of 1-2 weeks is recommended prior to use. 



4.1.3.2 Graft Complications 

Some of the complications are similar to those encountered with a fistula. However, 
AV grafts have more severe problems with infection, stenosis, and thrombosis. 

• Infection: This is more common in grafts than in fistulae, particularly in grafts 
located in the thigh (as many as one quarter of all grafts have problems with 
infection). A mild infection can be treated with antibiotics, but a severe infection 
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usually requires removal of the graft. Sepsis is a leading cause of morbidity and 
mortality, and prompt treatment of infection is always warranted. 

• Thrombosis and stenosis: Both of these complications are more common in grafts 
than in fistulae. The most common cause of flow problems is intimal hyperplasia 
that leads to stenosis at the venous anastomosis. Stenosis of the arterial anasto- 
mosis is less common. 



4.1.4 Diagnosis and Management of Arteriovenous Dialysis Access 

Early detection and correction of access problems are associated with an improved 
prognosis. Once clinical indicators of a problem are noted, further diagnostic steps 
must be taken promptly. 



4.1.4.1 Clinical Indicators of Problems with Grafts and Fistulae 

A reduction in blood flow or a change in thrill or pulsation can indicate an access 
problem. Similarly, difficulty in placing needles, repeated clotting, excessive bleed- 
ing after needle removal, and an unexplained decrease in the dialysis dose (urea 
reduction ratio) may all suggest problems with the access. Careful palpation and 
auscultation often suggests a local problem, thus, a sudden increase in the bruit may 
suggest stenosis. However, these signs are not objective, and more reliable (more 
sensitive and specific) indicators are: 

Dialysis venous pressure: Stenosis or thrombosis at the venous end of a fistula or 
at the venous anastomosis of a graft is usually associated with increased pressure 
in the venous segment of the dialysis blood circuit. If venous pressure increases 
significantly without a change in needle size or blood flow, a flow problem at the 
venous end of the access must be suspected. Alternatively, if pressure is measured 
at a blood flow of 200 ml/min, using a 16-gauge needle, a venous pressure consis- 
tently >100mmHg suggests a venous outflow problem. Some investigators have 
found higher sensitivity and efficacy if a pressure cutoff of 150mmHg is used [3], 
Consistent change in venous pressure over at least three dialyses warrants further 
investigation. Monitoring of venous pressure without any blood flow (static pres- 
sure monitoring) has also been reported to be a good predictor of venous steno- 
sis [4], This measurement removes the confounding influences of blood flow and 
other local variables. 

Arterial pressure: Difficulty in obtaining the blood flow that the set pump speed 
demands is associated with very low arterial pressure in the pre-pump segment. 
This is not as consistent a predictor of a problem as elevated venous pressure, but 
persistent problems warrant further investigation. 

Intra-access pressure and flow relationship: The blood flow in the access is related 
to pressure and resistance: 



Qa = AP/R, 
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Access 

Pressure 

Ratio 




Fig. 4.3 Pressure drop at various sites through the normal fistula and graft (Modified from [5]) 



where Qa = access flow; AP = pressure difference between the arterial and 
venous segment; and R = resistance in the access. 

The arterial pressure decreases suddenly in the venous segment of the fistula soon 
after the A V anastomosis even in the absence of any stenosis. The AP is about 
0.2 (the ratio between arterial and venous pressures). In contrast, the pressure 
decreases continuously throughout the graft and is generally less than 50% of the 
systemic pressure (Fig. 4.3). 

Increased intra-access pressure thus would decrease the flow rate and this infor- 
mation can be used to detect early problems in the access. Thus, any signif- 
icant increase in pressure, e.g., >50% of mean arterial pressure (MAP) in a 
graft may suggest impending problems. Measuring blood flow through the ac- 
cess is a more reliable method for detecting impending problems, any decrease 
in Q < 750ml/min, for example, in a graft may suggest a problem. There are 
many methods of measuring the intra-access pressure and flows but there is no 
consensus that one is better than the other. 

Recirculation: High recirculation (>15%) suggests an access flow problem and dic- 
tates further work-up to avoid under-dialysis. 



4.1.4.2 Diagnostic Tests 

Once an access problem is suspected, several diagnostic alternatives are avail- 
able. These include Doppler studies, digital subtraction angiography, and traditional 
angiography. 
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Doppler studies: Duplex Doppler is a noninvasive technique that can be helpful 
in diagnosing flow problems such as stenosis. However, a Doppler study does not 
provide as much anatomical detail of the access as angiography. 

Angiography: A radiopaque contrast medium is injected either into the artery 
close to the anastomosis (vein or graft) or into the distal end of the access. Subse- 
quent radiographic study gives accurate anatomical details of the access and is very 
useful in determining stenosis, thrombosis, steal syndrome, large run-off, and other 
problems. When properly carried out, an angiogram is perhaps the most dependable 
diagnostic procedure, but it is invasive and requires x-ray exposure. 



4.1.4.3 Management 

Once a problem has been diagnosed as stenosis or thrombosis, either surgical or 
radiological intervention is needed. The success of the intervention in a clotted ac- 
cess depends on the promptness of intervention. A clotted access must be declotted 
within 24 h. 

Declotting and percutaneous angioplasty: Access declotting and balloon angioplasty 
by radiological procedures are commonly used, with high initial success rates 
(up to 90%), but re-stenosis occurs in 50-70% of cases [6], Stents have been 
used in cases of restenosis but, in one controlled trial, a metallic endovascular 
stent afforded no benefit; indeed, the re-stenosis rate may have been higher with 
it [7], Better results have been reported with elastic stents, but more experience is 
needed to assess the efficacy of this technique. 

Surgical correction: Surgical correction, particularly of a tight stenosis, remains 
the gold standard. The need for hospitalization has reduced the use of surgical 
correction, however, and percutaneous angioplasty is being used more frequently. 
Thrombolysis: Early attempts to dissolve clots with the use of streptokinase and 
urokinase were not very successful. Recently, the use of mechanical and phar- 
macological agents by pulse spray technique has been reported to lead to 1-year 
patency rates of 90% [8], but more data are needed to verify the efficacy of this 
technique. It is important for any venous stenosis to be corrected to prevent reclot- 
ting. Thrombolytic agents should be avoided in patients at a high risk of bleed- 
ing. Mechanical disruption without the use of any thrombolytic agent has been 
reported to be as successful [9], 



4.1.5 Dual-Lumen Catheters with Dacron Cuff 

Tunneled catheters must only be used when no other alternative for dialysis access 
is available. There must be a plan for the placement of more permanent access and 
removal of the catheter as soon as possible, because the catheters have higher rates 
of complications and death. The catheter must not be placed on the same site as the 
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maturing fistula or graft. The preferred site for catheter placement is the right inter- 
nal jugular (IJ). Other sites include the external jugular, the left internal and external 
jugular, and, if no other alternative is available, only then should the subclavian vein 
be used. Dual-lumen catheters are implanted surgically into the right atrium through 
a central (e.g., IJ) vein. It is important to make sure that the tip of the catheter lies 
in the upper part of the right atrium, even when the patient sits up and the heart 
drops down. This placement should be verified radiologically. The tip sitting in the 
superior vena cava leads to lower blood flow and catheter malfunction. Dual-lumen 
catheters are sometimes used as intermediate-term dialysis access. The extravenous 
segment of the cuff is tunneled under the skin and the Dacron® (polyester; DuPont 
Laboratories, Wilmington, DE, USA) cuff is positioned just under the exit site (see 
Fig. 4.4). A large subcutaneous tissue between the exit and the cuff is a potential 
site for infection. Several different catheters are available, some of which require 
a slight modification to the insertion technique, but details of this are beyond the 
scope of this book [10]. 

As stated above, these catheters should be used only when access sites that are 
more permanent are not available. As discussed below, the catheters are associ- 
ated with higher morbidity, expense, and death. Thus, these catheters should be 
avoided if possible. Stenosis of the central vein is very common with prolonged 
use of catheters; subclavian insertion has a higher rate of venous stenosis than IJ 
insertion. 



4.1.5.1 Complications 

Complications include immediate surgical complications and late medical com- 
plications. Surgical complications are related to the insertion procedure and are 
discussed in Section 4.2.2. Common late medical complications include infection, 
clotting of the catheter and vein, poor blood flow, and venous stenosis. 

Clotting: Clotting of the catheter and/or its pores is a common and frustrating prob- 
lem. The most common presentation is inadequate blood flow with abnormal 
pressure readings in the dialysis circuit. Poor arterial flow is more common than 
problems with the return of blood through the venous segment. Treatment in- 
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volves several steps. First, attempts are made to declot the catheter by aspiration 
of the clots and cleaning of the catheter. If this is not successful (as is often the 
case), the cleaning attempt is followed by a local infusion of urokinase or strep- 
tokinase. Tissue plaminogen activator (tPA) are also being used now. If this fails, 
a catheterogram can be obtained by infusing radiocontrast material and taking a 
radiograph. If clots are present, declotting can be attempted under fluoroscopy by 
an interventional radiologist using a snare technique. If the catheter is still non- 
functional, it may have to be removed and a new one inserted. Clots often occur 
at the tip of the catheter and may result from poor catheter care. Good technique 
constitutes that when at the end of the treatment, the catheter is primed with hep- 
arin steps are taken to prevent backflow of blood from the vein into the tip. This 
can be done by clamping the catheter while the syringe is still pushing heparin 
in and there is enough pressure on the piston to prevent entry of blood into the 
catheter tip. Thrombosis may follow infection, so prevention of clot formation is 
important. A kink or acute angle of the catheter in the subcutaneous tunnel will 
also predispose the catheter to thrombosis and poor flow. Infection: Infections of 
the exit site, tunnel, cuff, and catheter are common, and catheter-related sepsis 
can occur in these patients. The rate of infection varies from 2-25%, and Staphy- 
lococcus aureus and 5. epidermidis are the organisms most commonly involved. 

Exit site infection: Redness and/or purulent discharge around the exit site are signs 
of infection. Any discharge should be cultured to enable identification of the or- 
ganism responsible. Exit site infection without cuff involvement can be treated 
easily with local and/or systemic antibiotics. If pressure on the cuff (by squeez- 
ing it between thumb and finger) produces pus through the exit site, the cuff is 
likely to be involved and will probably require catheter removal. 

(i) Tunnel infection: Redness and inflammation of the subcutaneous tunnel is a sign 
of infection. It is important to determine whether the cuff is involved because, 
if so, medical treatment is not likely to be successful. Tunnel infection without 
extensive cuff involvement can be treated with an appropriate antibiotic. 

(ii) Catheter infection: Positive blood culture obtained through the catheter. If asso- 
ciated with a systemic manifestation of infection, such as fever or leukocytosis, 
however, it should be treated as sepsis. Catheter infection has occasionally been 
treated successfully with antibiotics, but a colonized catheter usually has to be 
removed. 

• Poor blood flow: This is the most common and frustrating problem. A good 
catheterogram usually shows the cause. This can be a kink in the catheter, an 
acute angle in the tunnel (causing collapse of the catheter), a clot in the lumen 
or obstructing the pores, suction (causing the tip to be against the vessel wall), 
or formation of a fibrin sheath around the outside of the catheter. Mechanical 
obstruction caused by a kink or collapse can be prevented by proper insertion, 
thrombosis is discussed in more detail above. If the arterial tip of catheter is 
directed away from the wall and the catheter is placed at the lower end of the su- 
perior vena cava or in the right atrium, suction against the wall can be prevented. 
A fibrin sheath may form around long-standing catheters, causing flow problems. 
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Several techniques of stripping this sheath while the catheter remains in situ have 
been described, but their effectiveness has yet to be proven. Attempts to dissolve 
these sheaths have usually been unsuccessful, and removal and replacement of 
the catheter are required in most cases. 

• Central venous stenosis: Subclavian vein thrombosis and stenosis have been re- 
ported with an incidence of <20-50% following catheterization. The problem 
tends to manifest as swelling of the arm on the involved side, sometimes asso- 
ciated with discomfort or pain. Stenosis is more common with catheters that are 
placed on the side of a distal arm fistula or graft. It is unclear, however, whether 
this increases the risk of development of stenosis, or whether increased venous 
return through the distal access causes swelling of the arm, revealing stenosis. 
Because the cause of this complication is unclear, placement of an ipsilateral 
catheter and a distal fistula or graft should be avoided. Other factors that may 
precipitate stenosis include repeated trauma to the vessel wall by flapping of 
the catheter, clot formation between the catheter and the vessel wall, and recur- 
rent infections. It is important to avoid use of a disproportionately large or small 
catheter relative to the size of the subclavian vein. Because subclavian stenoses 
seem to be more common than those associated with an IJ catheter (10%), inser- 
tion of a catheter through the subclavian vein should be avoided if possible [11]. 



4.1.6 Special Arteriovenous Shunts 

External shunts between a distal artery and vein have been used in the past as dial- 
ysis access. Although these are largely of historical value, continued problems with 
the approach described above, and developing interest in unattended nocturnal dial- 
ysis, has led to renewed interest in these shunts. Major advantages of these are that 
no blood pump is required, making nocturnal unattended dialysis safer, and because 
there is no need for needle insertion, these may become a more desirable alternative 
for daily dialysis. However, more information on the risk of infection and thrombo- 
sis will have to be obtained before these shunts can be used more commonly. 



4.1.6.1 Scribner Shunt 

In 1960, Quinton and Scribner developed the AV shunt, making chronic dialysis 
feasible (see Fig. 4.5). This was the method of access for chronic dialysis for the 
following 15-20 years. It continued to be used as an important access method until 
the mid-1970s, after which it was replaced by AV fistulae and grafts. In this tech- 
nique, the ends of a distal artery and vein are tied around two separate vessel tips 
made of PTFE (Teflon; DuPont Laboratories). Two silicon tubes are attached to the 
vessel tips and emerge through a skin exit incision, where they are connected to 
each other by a PTFE connector. Once the clamps are removed, blood flows from 
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the arterial side, through the shunt, and into the vein. For dialysis, the connector 
is removed and the blood is diverted to the dialysis machine. In between dialysis 
sessions, the blood flows continuously through the shunt. 



4.1.6.2 Thomas Shunt 

A silastic tube with a Dacron© skirt is sutured in a major vessel, such as the femoral 
artery, while another is sutured into the femoral vein. Infection and severe hemor- 
rhage are major complications of this technique. 



4.2 Temporary Access 

Patients requiring dialysis for a shorter period, such as those with acute reversible re- 
nal failure, need temporary access. Additionally, temporary access may be used for 
patients waiting for permanent access, who require dialysis urgently but for whom 
peritoneal dialysis (PD) is not suitable, such as for patients with bacteremia or sep- 
sis, in whom permanent access is at risk of infection. Thus, when dialysis is needed 
urgently or the need is temporary and no other access for dialysis is available, tempo- 
rary access may be indicated. The advantages of temporary access are that it is easy 
to insert, typically done at the bedside, the procedure is quick, and vessels needed 
for a permanent fistula or cannula are preserved. The major disadvantage is the tem- 
porary nature, because generally they cannot be used for a prolonged period or used 
outside of an acute setting. Under appropriate circumstances, with proper technique 
carried out by an experienced physician, the procedure is relatively safe. However, 
potentially serious complications can occur. Temporary access uses special dialysis 
catheters that are inserted into large veins. The most widely used catheters have two 
lumens — one that gets blood for dialysis (arterial) and another that returns dialyzed 
blood (venous). Single-lumen catheters, which require a “single needle setup” on 
the dialysis machine, are also available but are used less frequently. Catheters can 
be inserted in any one of three commonly used veins: the IJ, subclavian, or femoral. 




50 



4 Vascular Access 



4.2.1 General Technique 

Once the vein to be accessed is identified and the skin site of insertion is selected, 
some of the technical steps are common to all sites. The procedure can be performed 
at the bedside under sterile technique, with sterile gowns, gloves, masks, and drapes. 
The general technique uses the Seldinger method of catheter insertion. Blood vessels 
can be identified by a portable ultrasound probe. The skin is cleaned and prepared 
with antiseptic solution (such as iodine) and a local anesthetic is applied to the area. 
A thin (22-gauge) needle attached to a syringe is advanced toward the vein while 
gentle suction is applied to the syringe. As soon as venous blood is seen in the 
syringe, the depth and direction of the needle course is noted, the needle withdrawn, 
and a larger (18-gauge) needle inserted into the vein (directed toward the flow of 
blood). Once the vein is accessed, a guide wire is advanced into the vein through 
the needle (to a distance of 10-15 cm). If the wire does not advance freely, it should 
be withdrawn and a fresh attempt made. Once the guide wire is in place, the needle 
is withdrawn and the wire is held in place to prevent its withdrawal. The entry site 
is then enlarged with a size 1 1 blade. For a larger, dual-lumen catheter, a dilator 
is then advanced over the guide wire into the vein — through skin, subcutaneous 
tissue, and venous wall. The dilator is withdrawn, and if a semi-rigid catheter is 
used, the catheter is then threaded gently over the guide wire into the vein and 
positioned at the appropriate level. Use of a softer catheter (which is preferable) 
requires insertion of a peel-away sheath over the introducer. The introducer (with 
sheath) is threaded over the guide wire and then withdrawn, leaving the sheath in 
the vein. The catheter can then be introduced through the sheath, positioned at the 
appropriate level, the blood flow checked, and the sheath peeled off slowly and 
withdrawn. Every precaution should be taken to ensure that the catheter does not 
move out while the sheath is peeled off. The catheter can be fixed to the skin close to 
the exit point with a suture and filled with heparinized saline to prevent clotting. It is 
important that the instruction sheet accompanying the catheter is read carefully prior 
to starting the procedure. After the subclavian or IJ insertion, a chest x-ray must be 
taken to ensure the location is correct and that no trauma has occurred. Dialysis 
should not be initiated before this x-ray has been reviewed. The technique differs 
for different catheters and is discussed extensively in the brochures accompanying 
the catheters. 



4.2.1.1 Internal Jugular Access 

Recently, there has been a change from subclavian to IJ access, because this site 
appears to result in venous stenosis less frequently. A right IJ is preferred (see 
Fig. 4.6a), because the course on this side is straighter and it is therefore easier 
to guide the catheter tip into the superior vena cava. On the left side, the presence of 
the thoracic duct and the fact that the apex of the lung is higher makes entry on this 
side less desirable. 

Insertion involves placing the patient in a supine position with the head lowered 
at 15-20° and turned away to the left. The IJ can be accessed at three locations: 
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Different Sites of Dialysis Catheter Insertion 






Fig. 4.6 Different sites of dialysis catheter insertion 



centrally (the easiest and most common route), anteriorly, or posteriorly. Ultrasonic 
visualization of the vein prior to placement of these catheters has made the technique 
much safer, and has become standard practice. 



4.2.1.2 Subclavian Access (Least Desirable) 

The patient lies supine with their head down and turned away from the operator. The 
infraclavicular approach is most commonly used, but in difficult patients an experi- 
enced operator can use the supraclavicular approach. A thin (22-gauge) needle on 
a syringe filled with heparinized saline is inserted into the cleaned and anesthetized 
area under the clavicle (where its medial third joins the lateral two thirds at the lat- 
eral aspect of the deltopectoral groove). The needle first touches the inferior margin 
of the clavicle and is then advanced deeper into the subclavian vein. The use of 
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a thin-gauge needle prevents the formation of a large hole if the needle enters the 
artery. Gentle suction should be applied to the syringe while advancing the needle. 
As soon as venous blood can be easily withdrawn, the needle’s position and direc- 
tion are noted and it is withdrawn. A larger bore (18-gauge) needle is then advanced 
into the vein, the syringe removed, and a guide wire inserted through the needle 
into the vein. If the 22-gauge needle fails to reach the vein, a longer and larger bore 
needle can be used. The guide wire should pass easily to the superior vena cava — 
about 10-15 cm in an average sized adult. If it is difficult to advance the guide wire, 
it should not be forced but must be withdrawn. The catheter insertion technique is 
then identical to that discussed in Section 4.2.1 (see Fig. 4.6b and c). 



4.2.1.3 Femoral Access 

Shaldon first described this relatively safe and easy technique for temporary dial- 
ysis access. Compared with subclavian and IJ access, one of the drawbacks of the 
femoral catheter is the limited mobility the patient experiences because of its inser- 
tion location. However, mobility is increased with newer, softer catheters. 

The patient lies flat in a supine position with abduction and lateral rotation of the 
hip and slight flexion of the knee. The area under the inguinal ligament is shaved, 
cleaned, and prepared. The femoral artery is palpated and the vein (which lies next 
to it on the medial side) is located, after which, the technique is similar to that 
described in the general technique section. If the guide wire does not move freely, 
the wire should be removed completely and the guiding needle reinserted at a flatter 
angle. 



4.2.2 Complications of Temporary Access 

Some of the complications related to central catheters are shown in Fig. 4.7 [10]. If 
a subclavian catheter inserted from the right side perforates the wall of the superior 
vena cava and enters the pericardial cavity, there is risk of pericardial tamponade 
when dialysis is started. Immediate cessation of dialysis may save the patient’s life 
(see Fig. 4.7a). A full-sized subclavian catheter inserted from the right side in a 
small patient may perforate the wall of the right atrium. This injury is nearly always 
fatal (see Fig. 4.7b). If a right-sided catheter ends up with the tip in contact with the 
upper part of the wall of the right atrium it may slowly cause the development of a 
pedunculated ball thrombus. This can obstruct the passage of blood through the tri- 
cuspid valve and thus kill the patient (see Fig. 4.7c). A subclavian catheter inserted 
from the left side may “tent” the right wall of the superior vena cava. The danger is 
that after one or more dialyses it could perforate the wall (see Fig. 4.7d). In some 
instances, a catheter that perforates the wall in this way leaves the tip of the catheter 
in the parenchyma of the lung. There may be no symptoms until the start of dialy- 
sis, when the patient will experience profuse bright red hemoptysis (see Fig. 4.7e). 
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Fig. 4.7 Adapted with permission from [ 1 0] 
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If perforation of the superior vena cava causes blood to track down into the right 
hemithorax, continuation of dialysis may result in death (see Fig. 4.7f). If subcla- 
vian vein thrombosis is not detected early, it will become permanent and essentially 
untreatable. Tell-tale collateral veins will be seen coursing over the shoulder (see 
Fig. 4.7g). Acute catheter complications can be divided into two major categories: 
immediate procedure-related complications, and late complications. 



4.2.2.1 Procedure-Related Complications of Superior Vena Cava Access 
(Subclavian and Internal Jugular) 

These procedure-related complications include: 

Puncture of the accompanying artery 

Pneumothorax 

Hemothorax 

Pneumo-hemothorax (with subclavian access) 

Injury to the brachial plexus (with subclavian access) 

Pericardial hemorrhage or mediastinal hemorrhage (with vena caval injury and 
puncture) 

Puncture of right atrium 

Cardiac arrhythmias. Some of these complications are life threatening, so the situa- 
tion must be reviewed carefully before dialysis is initiated. Only after an initial chest 
x-ray has been reviewed and the results found to be normal should a subclavian or 
IJ catheter be used for dialysis. Arterial puncture usually means that the location 
and/or the direction of the needle is incorrect — sometimes the anatomy is different 
to that expected. To avoid this, the insertion technique should be followed carefully 
and a fine probe needle used to minimize the bleeding that results from accidental 
puncture of an artery. If the artery is punctured, the needle should be withdrawn and 
firm local pressure applied for 15-20 min. If the catheter or dilator has accidentally 
been placed in an artery, it should be withdrawn, local pressure applied, and dialysis 
postponed or changed to the opposite side. If urgent dialysis is necessary, this should 
be done without anticoagulation. A large pneumothorax or hemothorax usually re- 
quires insertion of a chest tube. Injury to the superior vena cava or atrium is life 
threatening and may require surgical intervention. If the patient develops arrhyth- 
mias, chest pain, or persistent hypotension, dialysis must be stopped immediately, 
an investigation started, and a surgeon alerted. 



4.2.2.2 Procedure-Related Complications of Femoral Vein Catheters 

The most common complication is puncture of the femoral artery. This should be 
managed in the manner described above. It is not advisable to dialyze using a dual- 
lumen dialysis catheter in the femoral artery. Severe trauma to the femoral vein can 
also occur with a large hemorrhage; major damage to the femoral nerve is unusual. 
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4.2.2.3 Late Complications 

Late complications include infection, thrombosis, and stenosis. Infection is more 
common with the femoral catheter than with subclavian or IJ catheters. These com- 
plications are similar to those discussed earlier in the permanent catheter section. 



4.2.3 Comparison of the Three Access Sites 

Of the three access sites, insertion of a catheter in the subclavian vein requires the 
most experience, is most difficult, and is associated with the most serious compli- 
cations. It is technically difficult and should not be attempted in the presence of 
acute respiratory distress or pulmonary edema. However, once inserted, this site is 
the most stable and allows the patient substantial mobility. Patients with bacteremia 
should not be given a subclavian catheter, because the risk of colonization is high. 
Formation of subclavian venous stricture is common and, for this reason, its pro- 
longed use must be discouraged. 

It is technically easier to insert a catheter into the right IJ site, and there are fewer 
complications. This can be attempted in patients with respiratory distress, can be 
used for weeks, and has a lower incidence of venous stricture and stenosis. How- 
ever, unless the catheter is anchored properly and secured firmly, the catheter inter- 
feres with mobility. The infection rate is similar to that observed with subclavian 
catheters. 

The femoral site is easily used, even by an operator with limited skills, and can be 
used in almost any patient, even those who have bacteremia. Use of the femoral site 
is associated with a lower frequency of complications, and life-threatening compli- 
cations are seldom encountered. The major drawbacks of this technique are limited 
patient mobility and an increased risk of infection. Because of these issues, this 
site should not be used for prolonged periods, and the catheter should be changed 
frequently. 

Vascular access for hemodialysis remains one of the most formidable challenges 
in the management of the end-stage renal disease (ESRD) patient. The costs associ- 
ated with access problems are very high in financial, emotional, and medical terms. 
Among current techniques, the A V fistula is the gold standard, and every attempt 
should be made to create an AV fistula in every patient. Catheters have several major 
complications and should be avoided when possible. The success of future advances 
in dialysis technique, whether in the form of daily dialysis or a wearable artificial 
kidney, will depend largely on better blood access techniques than those currently 
available. 



4.3 Impact of Access 

Vascular access accounts for one third of all hospitalization in hemodialysis pa- 
tients and, in the first year, as much as 50% of all hospitalizations. Fistula is the 
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Hospitalization Rate 




AVF->AVF CVC->AVF CVC^CVC 



Fig. 4.8 Hospitalization rates associated with different types of vascular access. CVC = central 
venous catheter, AVF = arterio-venous fistula (Ortega et al: Neph Dial Transpl 20:598, 2005) 



gold standard, the hospitalization rate and the relative risk of death being signifi- 
cantly lower in patients with fistula than catheters (Figs. 4.8 and 4.9). Similarly, the 
cost is lower with a fistula than with a catheter, and presence of an access surveil- 
lance program reduces access complications such as thrombosis compared with the 
absence of such a program (Fig. 4.10). 



4.3.1 Access Surveillance 

Surveillance could be clinical, instrumental, or a combination of the two. Inability to 
get enough blood for dialysis within the safe lines pressure limits or a clotted access 
often forces further work up, however, the goal of a good program is to intervene 
prior to occurrence of these terminal events. A reduced dose of dialysis, increased 
recirculation, change in flow and pressure relationship, changes in characteristics of 
bruit over the access, development of swelling, and infection are some of the clinical 
tools used to monitor the access. However, every program should have well-defined 
monitoring. Static venous pressure, pressure in the venous drip chamber while the 
blood pump is stopped, is often used for assessing and monitoring the vascular 
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Fig. 4.9 Risk of death with types of access 
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Fig. 4.10 Reduction in clotting with surveillance program in five series 
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access. Dynamic venous pressure, pressure in the venous drip chamber at a low 
blood flow of 200 ml/min, is monitored for each run. This pressure, corrected for the 
needle size and hematocrit, seems to be a good easy monitoring tool for impending 
problems. Venous pressure of >120mmHg for 15-gauge needles and >150mmHg 
for 16-gauge needles for three dialysis sessions suggests further investigation. 
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Several methods to monitor access flows are available in the market but their value 
has not been proven. Static pressure monitoring seems to be a more sensitive method 
with less confounding variables. 
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Chapter 5 

Complications of Hemodialysis 



Complications of hemodialysis can be divided into two major groups: 

- Treatment-related medical complications: There are frequent intradialytic com- 
plications, these (in order of frequency) include hypotension, muscle cramps, 
nausea and vomiting, flushing of face, headache, increased pruritus, chest pain, 
fever, and chills. 

- Machine-related complications: These complications are due to accidents or fail- 
ure of safety mechanisms of hemodialysis treatment. They include air embolism, 
hemolysis, hyperthermia or hypothermia, blood loss, and conductivity problems. 



5.1 Medical Complications 

5.1.1 Hypotension 

Hypotension occurs in 1 5 — 40% of dialyses and is the most common intradialytic 
complication. It is more common in patients being dialyzed with acetate dialysate 
than in those using bicarbonate-containing dialysate. 

The pathogenesis is multifactorial, complex, and poorly understood. However, 
many of the contributing factors are known, and understanding of these can help to 
reduce the frequency and severity of hypotension (see Table 5.1). During hemodial- 
ysis, blood is exposed to a foreign surface, excess body fluid is removed by ultra- 
filtration (UF), substances move from the dialysate into the blood, and there is a 
decrease in plasma solutes (in particular those with a low molecular weight) as a re- 
sult of diffusion. Hypotension appears to be related to the body’s response to these 
three processes. 



S. Ahmad, Manual of Clinical Dialysis, DOI 10.1007/978-0-387-09651-3_5, 
© Springer Science+Business Media LLC 2009 



59 



60 



5 Complications of Hemodialysis 



Table 5.1 Common corrective treatment steps for intradialytic hypotension 



Action 


Comments 


Reduce blood flow 


Questionable benefit 


Lower UFR 


UFR can be stopped if BP remains low 


Trendelenberg position 


Increases cerebral perfusion and reduces risk of aspiration 


Restore plasma volume 


Use normal saline 100-250 ml 


Give nasal oxygen 2-4 1/min 


Prevention of hypoxemia is helpful 


Pressor agents 


Useful in acute but not in chronic setting 


Discontinue dialysis 


Rarely needed 



5.1. 1.1 Effect of Ultrafiltration 

Salt intake with consequent drinking of water leads to the accumulation of fluid be- 
tween two dialysis treatments, this causes primarily the expansion of extracellular 
fluid (ECF), with some expansion of intracellular fluid (ICF) associated with free 
water excess. This extra fluid contributes to hypertension and other clinical seque- 
lae. The fluid excess is removed by UF and some sodium excess by diffusion during 
dialysis. Direct access to the vascular space means that the fluid and Na is removed 
from the plasma space, a smaller subcompartment of the ECF. With the drop in 
plasma volume (PV) and plasma Na, both water and Na move from the extravas- 
cular compartments of ECF into the plasma. Hypotension will result if the fluid 
removal from the plasma compartment is at a faster rate than the reequilibration rate 
into the plasma, leading to PV depletion (see Fig. 5.1). The movement into the PV 
is governed by the Starling’s forces and, under normal conditions, the reequilibra- 
tion rate into the plasma is 15-25 ml/kg/h. Thus, a UF rate (UFR) faster than the 
reequilibration rate would cause hypotension. 

• Reduction in PV: A significant reduction in PV leads to cardiac under filling and 
subsequent hypotension. Several factors during dialysis can lead to the depletion 
of PV: 

(i) Rapid UF: Use of dialyzers with a high K u f and shorter duration of dialysis 
often leads to a rapid UF rate. A patient who gains, for example, 4 kg in fluid 
weight between dialyses would have about 1 1 of this excess fluid in the PV 
and the remainder in the extravascular space (the largest component of it be- 
ing in the interstitial space). As the PV decreases with UF, extravascular fluid 
moves into the vascular space (secondary to the Starling forces) and the entire 
4 1 of excess fluid can be removed via the plasma space. However, if the UFR 
is greater than the rate at which the fluid moves into the vascular space, the 
PV is decreased, even though there is excess fluid in the extravascular space — 
leading to hemodynamic instability and hypotension (see Fig. 5.1). In a stable 
dialysis patient without other risk factors, a UFR of <20 ml/kg/h is generally 
well tolerated. A UFR greater than this, particularly in patients at risk for 
hemodynamic instability, invariably leads to hypotension. This scenario can 
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Fig. 5.1 Despite the patient 
in the lower example having 
more fluid volume than the 
patient in the upper example, 
hypotension is more likely; 
the ultrafiltration rate (UFR) is 
higher than the rate at which 
the extracellular fluid can 
enter the plasma volume (PV) 
and so the PV will decline, 
leading to hypotension. ICV 
intracellular volume, ECV 
extracellular volume 



Fluid Movements in Relation to Ultrafiltration 



Plasma volume 
(Vascular space) 




< 1.5 I/hour 
No hypotension 



70 kg patient with normal fluid distribution. Gains 4 kg 
in between dialyses. Dialysis time 3 hours. UFR = 1.33 I/hours. 
Slower than refill rate of 1 .5 I/hour. Lower risk of hypotension. 



Plasma volume 
(Vascular space) 
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It 



UFR 2.6 I/hour 
PV depletion 
and hypotension 



Same patient gains 8 kg in between treatment. During 3 hours 
dialysis the UFR will be 2.6 I/hour. Faster than refill rate, 
consequently, increased risk of hypotension. 



Refill rate from extravascular space 



Ultrafiltration rate 



be avoided by educating the patient about weight gain and about the rate of 
UF and its consequences. In high-risk patients, slower and longer dialysis will 
reduce the risk of hypotension. 

Interdialytic Weight Gain (IDWG): Large interdialytic weight gain 
(IDWG) is the main cause of rapid UF. It has been clearly shown that 
the sodium intake, not water intake, is the major cause of large IDWG [13]. 
Thus, patient counseling should emphasize limiting the daily sodium intake, 
usually to about 2 g per day. 

(ii) Slower refilling of plasma space: Two major groups of factors influence the 
rate of refilling of the plasma space from the extravascular space. The first 
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of these are Starling forces, which ( along with capillary permeability) govern 
the movement of fluid between the vascular and interstitial spaces. Starling 
forces, which reduce the rate of refilling of the vascular space, include hy- 
poalbuminemia, right-sided heart failure, increased permeability of the capil- 
lary membrane (capillary leak syndrome), and increased hydrostatic pressure 
in the capillaries. The commonly used antihypertensive dihydropyridine cal- 
cium channel blockers dilate the precapillary sphincter thus increasing the 
intracapillary pressure and reducing the reequilibration rate. Similarly, other 
antihypertensive medications, by modifying the normal responses to UF, may 
limit the ability to adequate UF and volume control. Osmolar factors are the 
other cause of slower filling. During dialysis, the plasma and ECF osmolar- 
ity decline due to the diffusion of solutes. Rapid dialysis using hypotonic 
dialysate (relative to plasma) leads to a rapid decline in plasma osmolarity, 
to a reduced rate of P V refilling, and to hypotension. This happens when the 
sodium concentration of the dialysate is appreciably lower than that of the 
plasma (in excess of 4mEq/l). This causes a drop in plasma osmolarity and 
water may move into the extravascular (interstitial and intracellular) spaces 
until a new equilibrium is reached. At this time, a patient undergoing UF may 
have a rapid reduction in PV and be at risk of hypotension. After a new steady 
state is reached, UF starts refilling the PV; however, during the dialysis pe- 
riod, the patient is at risk. This risk can be reduced by avoiding UF during the 
first hour or so of dialysis if the plasma sodium concentration is >4mEq/l 
higher than the dialysate sodium concentration. Alternatively, dialysate with 
a higher osmolarity can be used if feasible. 

- Reduction in ECF; Significant ECF depletion leads to hemodynamic in- 
stability and hypotension [1], This is commonly encountered under two 
scenarios. 

- Dry weight estimation problems: If a patient’s dry weight (body weight mi- 
nus water weight) has been underestimated (its overestimation is a more 
common problem), attempts to reduce the weight to this level will re- 
sult in significant intradialytic morbidity. Ignoring the changes in tissue 
weight is more common. Typically, when a patient who has been uremic 
and anorexic initiates dialysis, appetite and well-being improve gradually 
and tissue mass increases. If dry weight is not increased, this patient will 
have problems with hemodynamic instability. 

(iii) Osmolar effects: As discussed previously, the osmolarity of ECF gradually 
declines during dialysis. This osmolar decline can affect hemodynamic sta- 
bility by altering ECF volume and vascular resistance. 

It has been proposed that movement of water from the ECF into the intracellular 
space reduces the ECF beyond the level of reduction caused by UF. Thus, the 
excessive reduction in ECF during dialysis, because of a combination of UF and 
flux into the cells, causes hypotension. Once dialysis is stopped, however, the ECF 
is repleted slowly and the patient continues to have ECF excess. 
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Fig. 5.2 PVR peripheral vascular resistance, HR heart rate 

The normal response to PV and ECF reductions is an increase in heart rate and 
vascular resistance. These responses prevent a decline in blood pressure (BP) (see 
Fig. 5.2). The response to UF during dialysis is, however, abnormal; heart rate in- 
crease is inadequate, the increase in vascular resistance is blunted [2], and there 
may even be a decrease in vascular resistance. Possible factors influencing these 
responses are discussed below. It has been suggested that a decrease in osmolar- 
ity is responsible for the abnormality of the vascular resistance. This inappropriate 
response may also be a result of an abnormality of the autonomic system. 

As discussed above, the normal vascular response to UF (an increase in vascular 
resistance) is not seen during dialysis. The decrease in PV during dialysis leads 
to decreased cardiac filling and output. Any decrease in vascular resistance allows 
pooling of blood in the venous system, lowering BP (which is a product of cardiac 
output and vascular resistance) and increasing the risk of hypotension. There are 
multiple causes of the abnormal response of the vascular resistance. The possible 
relationship between osmolarity and vascular resistance and the effect of increased 
temperature have been discussed above, while other factors are listed below: 

- Autonomic dysfunction: This is common in patients with diabetes and in older 
patients. It contributes to the inability to increase vascular resistance and heart 
rate and increases the risk of hypotension. Few reports suggest that the use of 
serotonin uptake inhibitor, sertraline (4- to 6-week trial), improves intradialytic 
hypotension (Fig. 5.3); sertraline is suggested to improve autonomic function. 

- An alpha adrenergic agonist, ten mg dose of midodrine, given 2 h before dialysis 
has also been reported to reduce hypotensive episodes. 

- Anemia: Prior to the use of erythropoeitin (Epo), most patients suffered from 
severe anemia, which, in turn, caused vasodilation and placed the patients at in- 
creased risk of hypotension. Anemia does not, however, appear to be a factor 
when Epo is used. 
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> Selective Serotonin Uptake Inhibitor - Sertraline 
(Zoloft): 

> Retrospective Analysis 50-100 mg/day of Sertralinefor 
6 weeks (n=9). 



Therapeutic 



MAP 



Intervention 




Zoloft Baseline Zoloft Baseline 



Dheenan et al, Am J Kid.Dis. 1 998; 31 : 624 



Ahmad 



Fig. 5.3 The improvement in intra-dialytic blood pressure and reduced interventions with sertra- 
line (Zoloft) compared to without it (Baseline) 



- Production of vasodepressors: During dialysis, there are indications that cer- 
tain vasodepressors (such as adenosine) are produced from hypoperfused tissues. 
Because norepinephrine release is impaired in uremia, the vasodilation caused by 
adenosine is unchecked and a vicious cycle of hypotension and tissue ischemia 
is initiated. Calcitonin-related gene factor is another vasodepressor that may be 
produced during dialysis, although more work in this area is needed to confirm 
this. These vasodepressors are relatively large molecules and are not readily re- 
moved by diffusion dialysis. 

- Acetate dialysate: Acetate is a vasodilator and, as such, its accumulation in the 
blood causes hypotension. Although current bicarbonate dialysate does not have 
large concentration of acetate, most dialysate still contain 4—8 rnEq/1 acetate, and 
evidence suggests that even relatively smaller concentration such as 10mEq/l 
may cause significant hypotension (2a). Evidence is also accumulating that even 
as small as 3 rnEq/1 of acetate may cause cytokine production that, in turn, po- 
tentially contributes to intradialytic hemodynamic instability. 

• Production of cytokines: The cellulosic membrane of dialyzers causes com- 
plement activation and generation of cytokines (including interleukins). It has 
been speculated that these cytokines are responsible for an abnormal vascular 
response but the issue remains controversial. 
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MAJOR STEPS TO PREVENT HYPOTENSION 



1. DIALYSATE: 



3. CLINICAL STEPS 



Appropriate dialysate osmolarity 



Slower UFR (Longer Treatment) 
Sequential UF and Dialysis 
UF Profiling 

Prevent/treat arrhythmia 
Prevent tissue ischemia 



Lower dialysate temperature 
Use higher calcium dialysate 
Reduce acetate in dialysate 



2. PATIENT COUNSELING 



- hypoxemia 



Avoid large meals during dialysis 
Limit Interdialytic Weight Gain 
(Limit Na intake) 



- Anemia 

Accurate Dry Weight Assessment 
Avoid drugs that reduce cardiac 
contractility or vascular tone 



4. THERAPEUTIC AGENTS 



Use of alpha agonist or 

selective serotonin uptake inhibitor 

L-carnitine 



Fig. 5.4 Major steps to prevent hypotension 

• Cardiac disease: Myocardial dysfunction is common in dialysis patients and 
might be an important contributor to abnormal cardiac and vascular response. 
This is discussed in detail below. 

• Use of antihypertensive medications: Antihypertensive drugs can blunt the 
normal response to volume contraction. If they must be used, it is better to use 
short-acting agents that can be withheld on the day of dialysis. Withholding 
long-acting medications is ineffective. 

Myocardial diseases and dysfunction are prevalent among dialysis patients and left 
ventricular hypertrophy (LVH), diastolic dysfunction, myocardial contractility prob- 
lems, and systolic dysfunction are common, as is coronary artery disease. Because 
of cardiac disease, coupled with fluid and electrolyte shifts, cardiac arrhythmias 
during dialysis are not unusual. Because hypotension may decrease myocardial per- 
fusion and oxygenation (which may lead to cardiac arrhythmias, leading to more 
severe hypotension), it is particularly important to take all necessary steps to min- 
imize hypotension in patients with cardiac complications. Preventing and aggres- 
sively treating hypotension and/or arrhythmias should break this vicious cycle (see 
Fig. 5.4). 

5.1. 1.2 Prevention of Hemodynamic Instability 

- Sequential UF and dialysis: UF reduces ECF, and diffusion dialysis reduces 
osmolarity. The separation of the UF and diffusion processes prevents the osmo- 
lar shift that occurs while UF is reducing ECF, whereas the cessation of UF while 
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dialysis is reducing the osmolarity of ECF prevents a decrease in ECF volume. 
The main drawback of sequential ultrafiltration (SUF) is the prolongation of 
treatment. 

- Higher osmolarity dialysate (sodium modeling): Use of dialysate with a higher 
sodium concentration, while preventing a decline in osmolarity, later followed by 
a lowering of dialysate sodium to bring down the serum sodium has been used 
and termed as sodium modeling or ramping. Sodium modeling has been pro- 
posed in order to achieve more stable dialysis. At the start of dialysis, dialysate 
sodium is raised to 145 mEq/1 and after a period it is decreased to 135 mEq/1 [3], 
Various rates of sodium decline (linear to multiple steps) have been used to re- 
duce intradialytic hemodynamic instability and hypotension. The main drawback 
of this method is the potential for positive sodium balance and its consequences. 
Improper use of dialysate sodium concentrations would lead to an undesirable in- 
crease in the sodium content of the ECF. Increased thirst and water intake leads 
to the movement of water from the intracellular fluid (ICF) causes expansion of 
ECF soon after dialysis ceases. Long-term effects of this technique have not been 
widely evaluated. There is some indication of sodium accumulation, ECV excess, 
and hypertension. It is important to ensure that these do not occur because they 
have an adverse effect on survival. 

- Dialysate temperature: Higher dialysate temperature increases body temperature, 
which, in turn causes vasodilation and may lead to hypotension. Conversely, 
lower dialysate temperature (36.0-36.5°C) has been shown to increase hemody- 
namic stability and decrease episodes of hypotension [4], It is important to note 
that some patients feel cold and/or are uncomfortable at these lower temperatures. 
Although it has been suggested that this decrease in temperature does not affect 
tissue perfusion and movement of solutes (including uremic toxins), more work 
is needed to ensure that it does not have an adverse effect on dialysis efficiency. 



5.1.1.3 Clinical Manifestation of Hypotension 

Intradialytic hypotension may present as signs/symptoms of vascular insufficiency 
including feeling unwell, dizziness, cramps, nausea, sweating, and, in severe cases, 
complete collapse and unresponsiveness. Others may not exhibit symptoms until BP 
declines to a dangerous level. To avoid serious complications, BP should be moni- 
tored frequently. This task has been simplified by the widespread use of automatic 
BP-monitoring devices and frequent readings (e.g., every 15 min) can be taken in 
patients at high risk. 



5.1. 1.4 Treatment of Hypotension 

Some of the management steps directed toward prevention of hypotensive episodes 
have been discussed previously. Once hypotension is detected, the treatment de- 
pends on its severity. Common corrective measures include: 
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• Reducing blood flow: This traditional practice is of questionable benefit. With 
older non-volumetric -controlled machines, a slower blood flow through the dia- 
lyzer reduced the UF rate by decreasing pressure on the blood side, which, in 
turn, lowered the transmembrane pressure (TMP). However, modern volumet- 
ric controls maintain a desired TMP for the desired UFR, independent of Qb. A 
slower blood flow does reduce the diffusion of solutes, which may help to re- 
duce the rate of accumulation of acetate (if acetate dialysate is used). In addition, 
the slowing of diffusion reduces the rate of osmolar decline and may therefore 
prevent the hypotension that is caused by a rapid drop in serum osmolarity (or 
sodium concentration). It is important to remember that the slowing of dialysis 
will affect the dialysis dose by reducing the removal of toxin( s), and the impact 
of this should be given serious consideration. Thus, automatic reduction of Qb 
may not be very effective and may have undesirable consequences. 

• Reducing UFR: A reduction in BP warrants a reduction in UFR. If the decline in 
BP is significant, the UFR should be reduced to zero and the situation monitored 
carefully. Often this alone will stabilize BP and allow the UFR to be increased 
slowly. 

• Trendelenburg position: The patient should be placed in a head-down position to 
maintain cerebral perfusion and prevent aspiration should the patient start vomit- 
ing. If the decline in BP is significant and not responsive to the above measures, 
additional corrective measures are required. 

• Restoration of PV: The most effective treatment of hypotension is expansion of 
PV, using volume expanders such as normal saline (100- to 250-ml bolus) or 
albumin solution (in patients with significant hypoalbuminemia). The former is 
the first choice, because, in patients who have normal albumin levels or very 
slight hypoalbuminemia, the use of albumin is expensive and not more effective. 
Hypertonic saline does not appear to be any more effective than normal saline. 

• Treatment of hypoxemia: Hypoxemia can contribute to the hemodynamic insta- 
bility and can cause cardiac arrhythmias. Oxygen, administered nasally, is helpful 
in such cases. 

• Pressor agents: Severely ill, hospitalized patients may already be receiving pres- 
sor agents (such as dopamine or norepinephrine), and increasing their rate of 
infusion can treat hypotension. In a normal dialysis setting, these agents do not 
have a major role. 

• Discontinuation of dialysis: If severe hypotension is persistent and refractory, 
and severe complications (such as seizures or myocardial damage) are imminent, 
the patient should be taken off dialysis. This situation is very rare and usually 
associated with other underlying conditions. 



5.1.1.5 Convective vs Diffusive Transport and Hypotension 

Compared with traditional diffusion dialysis, convective dialysis techniques such as 
hemofiltration are associated with less hemodynamic instability and fewer hypoten- 
sive episodes. Possible explanations for this include: 
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- Less-rapid decline in serum osmolarity with convective transport. 

- Better clearance of larger molecular weight substances: It has been proposed that 
certain larger molecules are vasodepressants; therefore, because their clearance 
is better with hemofiltration, hypotension is less common. 

- Lower temperature: Replacement fluids are often not warmed during hemofiltra- 
tion. Therefore, blood temperature may be lower, preventing vasodilation. 

- Use of biocompatible membrane: Hemofiltration typically uses synthetic mem- 
branes, which are more permeable, more biocompatible, and are associated with 
less complement activation and cytokine production. 

- No dialysate: In traditional dialysis, the dialysate may not be sterile, and pyrogen- 
free contaminants can pass across the membranes, thus contributing to hypoten- 
sion. Because hemofiltration does not use any dialysate, this is not a problem. 



5.1.2 Cardiac Arrhythmias 

The leading cause of sudden death during dialysis (accounting for 80% of all 
sudden deaths [5]) is cardiac arrhythmia (both atrial and ventricular). The main 
causes of this are the presence of coronary artery disease and LVH. It is impor- 
tant to understand that hypotension and arrhythmias are part of a vicious cycle (see 
Fig. 5.5). In high-risk patients with poor myocardial function and coronary disease. 



The Risk of Hypotension and Arrhythmia 




Prevention of arrhythmias 

• Avoid rapid shifts in blood electrolytes (K + , Ca 2+ , Mg + ) 

• Prevent excessive increases in serum K + between 
dialysis treatments to reduce large decline during dialysis 

• Patients on digitalis preparations should dialyze against 
higher dialysate K + , to prevent rapid shifts in K + concentration 
and hypokalemia 

• Avoid using higher glucose in dialysate in order to prevent 
movement of K + into the cells 

• Reduce dialysate bicarbonate to prevent rapid increase in pH 

• Reduce the rate of ultrafiltration 

• Reduce the rate of decline in serum osmolarity 

(A Na + between blood and dialysate > 4 mEq/l increases 
risk of hypotension) 

• Treat hypotension and arrhythmia during dialysis aggressively 



Fig. 5.5 The Risk of Hypotension and Arrhythmia 
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the prevention, early detection, and management of both arrhythmias and hypoten- 
sion are very important. The dialytic process may play a contributory role if ma- 
jor fluctuations in electrolytes, pH, and fluid volume are allowed. Thus, dialyzing 
against a potassium-free fluid using a high-flux dialyzer is inadvisable in a patient 
with cardiac dysfunction and/or on digitalis. In patients at risk of arrhythmias, cal- 
cium and/or potassium modeling may be helpful. Arrhythmias are more prevalent 
with acetate dialysate than with bicarbonate dialysate. 



5.1.3 Intradialytic Hypertension 

An increase in BP during the later part of or after dialysis, although less com- 
mon than hypotension, is sometimes encountered (occurrence estimated to be about 
8%) [6], The exact pathophysiology remains unknown but various mechanisms have 
been proposed. 

Overestimation of dry weight (true dry weight lower than prescribed) appears to 
be the most common cause of this complication. If a trend toward an increase in 
BP is observed before the true dry weight is reached, it is mistakenly assumed that 
the patient is “too dry.” It is not uncommon for staff to stop UF or to administer 
PV expanders to maintain an erroneously high dry weight. This practice should be 
discouraged because this practice can lead to ECV excess, persistent interdialytic 
hypertension, use of polypharmacy to control elevated BP, and poor long-term sur- 
vival. Experience indicates that careful use of UF to reach the correct dry weight 
will eventually break the cycle of interdialytic and intradialytic hypertension. 

Other factors that may contribute to intradialytic hypertension are: 

- Decrease in potassium: Intradialytic fall in potassium may stimulate renin or may 
have direct hemodynamic effect 

- Use of beta-adrenergic blockers 

- Calcium fluctuation: Increase in calcium may also contribute to hypertension 

- Sympathetic stimulation 

- Presence of native kidneys 

- Use of Epo 

- Removal of antihypertensive medications during dialysis 



5.1.4 Muscle Cramps 

Painful, prolonged, involuntary skeletal muscle contractions (cramps) are a common 
intradialytic complication. Typically, these occur toward the end of dialysis, may be 
associated with hypotension (although not always), and respond to treatment with 
PV expanders. For these reasons, it is thought that cramps are caused by PV deple- 
tion. Cramps that are independent of obvious volume depletion and hypotension and 
that respond in a positive manner to hypertonic saline, mannitol, and hyperosmolar 
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dextrose solution may, however, suggest a role for hypoosmolarity in the pathogen- 
esis of cramps. Presence of peripheral vascular disease is also often associated with 
muscle cramps. 



5. 1.4.1 Prevention 

- Avoid excessive interdialytic weight gain because rapid removal of large volumes 
is often complicated by cramps. The patient should be educated about limiting 
weight gain by limiting sodium intake. 

- Prevent hypotension, because steps taken to achieve this are often effective in 
preventing cramps. 

- Avoid excessive UF, which can lead to prolonged, painful cramps. 

- Avoid hypomagnesemia (associated with muscle cramps and possibly con- 
tributed to by a decline of serum magnesium). In patients with a lower magne- 
sium concentration, a higher concentration of magnesium in the dialysate should 
be used. 

Use medications such as quinine sulfate (which decreases the excitability of motor 
endplates and can be used to prevent muscle cramps). This is most effective if ad- 
ministered as a single oral dose of 325 mg about 2 h prior to dialysis. Administration 
of 5-10 mg oxazepam about 2 h prior to dialysis also is effective in relaxing muscles 
and preventing cramps. Administration of 140 IU vitamin E has also been found to 
be helpful in reducing cramps. 

• Use sodium modeling, because sodium variation during dialysis has been re- 
ported to be effective in reducing muscle cramps. However, extreme care must 
be used to avoid persistent volume expansion. 

• A diagnostic work-up to exclude peripheral vascular disease should also be per- 
formed. 



5. 1.4.2 Treatment 

Hypertonic saline or dextrose solutions are usually effective in the management of 
cramps. Oxygen, administered nasally, has also been shown to be useful. Local heat 
application and muscle stretching is also helpful. 



5.1.5 Carnitine and Intradialytic Hypotension, Arrhythmias, 
and Muscle Cramps 

Abnormal carnitine metabolism and profile are prevalent among dialysis patients 
(see Fig. 5.6) [7], Carnitine plays an essential role in the cellular energetics of skele- 
tal muscle (particularly cardiac muscles) and the use of L-carnitine supplementation 



5. 1 Medical Complications 



71 



Plasma Carnitine Profile in Hemodialysis Patients 



Plasma 60 
carnitine 5 q 
( nmol/ml), 
mean 40 
±SEM 30 

20 

10 

0 



5 Normal range ® Dialysis patients 




Fig. 5.6 Acyl-carnitine acylated carnitine, Acyl.free ratio of acylated camitineifree carnitine, SEM 
standard error of the mean (adapted from [7] with permission) 



in this population has been associated with significant reductions in muscle cramps, 
hypotensive episodes, and intradialytic arrhythmias [8,9]. Not all studies have been 
controlled and double blinded (some have been anecdotal experiences), but there 
is enough data to support serious consideration of the use of carnitine in the man- 
agement of these complications, particularly in patients resistant to conventional 
therapies. The commonly used 1 g carnitine dose (intravenously) after each dialysis 
has been effective in hemodialysis patients (although sometimes a larger dosage is 
administered), whereas in peritoneal dialysis (PD) patients, 1 g carnitine/day (oral) 
in three divided doses has been used. 



5.1.6 Nausea and Vomiting 

Nausea and vomiting are common and are often associated with hypotension. Usu- 
ally, treatment of the hypotension relieves the nausea, and nonresponsive patients 
can be given anti-emetics. Some patients have excessive secretion of gastric acid 
during dialysis treatment, which causes severe nausea and sometimes even vomit- 
ing. Use of Tb receptor antagonists or a proton pump inhibitor prior to the start of 
dialysis is usually very effective for treatment of these symptoms. 



5.1.7 Headache 

Headache is a common complication and usually has a multifactorial pathogenesis. 
If associated with hypotension, its management will be similar to the management 
of hypotension discussed above. Headache in some patients may be caused by a 
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reduction in caffeine levels (caffeine withdrawal) during dialysis. Headache could 
also be a symptom of dialysis disequilibrium, which is discussed below. In difficult 
headache cases, a slower shift in osmolarity, electrolytes, and pH, and the use of 
bicarbonate should all be tried. 



5.1.8 Serious, Less Common Complications 

5.1.8.1 Dialysis Disequilibrium Syndrome 

Dialysis disequilibrium syndrome (DDS) is a disorder of the central nervous sys- 
tem. With recent improvements in dialysis and early institution of dialysis, DDS 
has become less common but can present as nausea, vomiting, headache, restless- 
ness, vision disturbances, disorientation, and tremors. More serious manifestations 
include seizures, obtundation, and coma. DDS usually occurs toward the end of or 
after the termination of dialysis. It tends to be self-limiting, with a complete recov- 
ery, which occurs slowly. 

The pathogenesis of DDS is unclear, but it is thought to be caused by a rapid 
shift of plasma osmolarity and/or of plasma pH. A rapid decline in plasma osmolar- 
ity in severe uremia could shift water into brain cells — causing swelling and DDS. 
Similarly, a rapid rise in blood bicarbonate in a severely acidotic patient may cause 
a rapid decrease in cerebrospinal fluid (CSF) pH (because correction of plasma pH 
increases pC0 2 both in blood and CSF, but CSF HCO 3 lags behind), leading to the 
development of neurological manifestations. 

Because edema of brain tissue appears to underlie the syndrome, the preven- 
tion of a rapid decline in serum osmolarity is effective in preventing DDS. Thus, in 
the presence of severe uremia, or hypernatremia, the dialysate osmolarity (sodium) 
should be higher and the difference between dialysate and plasma osmolarity 
(sodium) should be small. The rate of osmolar change should be slow, which can 
be achieved by slowing the dialysis process; by using slower Qb and Qd and less 
efficient dialyzers. In an acute setting, one dialysis session should not attempt to 
correct the uremic syndrome but, rather, the targeted urea reduction should be less 
than 30% per treatment during the initial few treatments. Some advocate the use of 
concurrent dialysate flow to slow the dialytic process in severely uremic patients 
who are starting dialysis. If the latter is used the dialysate inlet port should still be 
lower than outlet to prevent issues with the presence of air in the dialysate. Intra- 
venous mannitol solution and the addition of urea to the dialysate have also been 
used. In severely acidotic patients, dialysate bicarbonate should be reduced for ini- 
tial dialysis treatments to prevent brain-plasma pH dissociation. 

Mild symptoms of DDS (nausea vomiting and headache) are common and are 
difficult to assign specifically to this syndrome. Treatment is symptomatic. If DDS 
is suspected, reducing blood and dialysate flow and reducing the UFR slows the 
dialysis process. Hypertonic solutions can be administered and, if symptoms persist, 
dialysis treatment should be terminated and the patient managed symptomatically. 
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In severe cases (obtundation, seizure, or alteration of consciousness), dialysis 
should be terminated and the symptoms managed medically. Supportive treatment 
and symptomatic management should be initiated. Intravenous mannitol solution 
may be useful. With supportive therapy, most patients improve in 24-48 h. 



5.1.8.2 Dialyzer-Related Reactions 

Adverse reactions are more common with new dialyzers than with reused dialyzers 
and these adverse reactions are referred to as “first use syndrome.” The nonspecific 
nature of some of these events and the observation that they occur even with 
reused dialyzers has, however, made this term obsolete. More specifically, most 
of the events described as a reaction to a dialyzer can be divided into two broad 
categories — anaphylactic (type A) reactions and nonspecific (type B) reactions. 

• Type A reactions: These anaphylactic reactions are typically observed within the 
first few minutes of dialysis. In their mild form, the patient experiences flushing 
of the face, itching and urticaria, sneezing, watery eyes, cough, and abdominal 
cramps or diarrhea. In its severe form, the symptoms include anxiety, a burn- 
ing sensation at the access site or over the entire body, dyspnea, chest tightness, 
angioedema, laryngeal edema, respiratory failure, and cardiac arrest, and may 
result in death. Type A reactions are estimated to occur for about 0.005% of di- 
alyzers sold. In the past, these reactions were seen mainly in patients who were 
using previously unused hollow fiber dialyzers, as opposed to those using paral- 
lel plate versions. Originally, the reactions were considered to be reactions to the 
cellulosic membrane. The role of ethylene oxide (Eto) was discovered when re- 
searchers observed that the majority of patients experiencing these reactions had 
an IgE antibody specific to the Eto-human serum albumin complex. The potting 
material of dialyzers is not easily rinsed and is a good store for Eto [10]. It would 
appear that Eto that had not been rinsed completely out of dialyzers had caused 
the majority of these reactions; if a good rinsing technique is used, the incidence 
of type A reactions is lower. 

Another set of type A reactions were reported in patients taking angiotensin- 
converting enzyme (ACE) inhibitors and who were using acrylonitrile (AN)-6 mem- 
brane dialyzers [11], The AN6 membrane would appear to activate Hageman factor, 
leading to the formation of kallikrein and the subsequent liberation of kinins (in- 
cluding bradykinin). Bradykinin is degraded by ACE and the use of ACE inhibitors 
increases the circulation of bradykinin, which may produce anaphylactic reactions. 
It is still unclear whether the membrane or some other factor such as sterilant or 
dialysate impurity causes these reactions [12], but the role of ACE inhibitors is well 
documented. There are anecdotal cases of type A reactions with other membranes 
(such as polyacrylonitrile [PAN] or polysulfone [PS]), but the data with AN6 is the 
strongest. 

Anaphylactic reactions have been reported in patients using high-flux dialyzers 
and bicarbonate dialysate. Because bicarbonate solution can be contaminated easily. 
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it has been proposed that these contaminants pass across the more permeable mem- 
branes, activate the complement cascade, and lead to the allergic reactions. 

Reprocessed dialyzers have occasionally been associated with allergic reac- 
tions. The possible allergens are contaminated water and sterilizing agents such 
as formaldehyde or glutaraldehyde. If the rinsing of the dialyzer blood circuit is 
not carried out properly, the patient may be exposed to formaldehyde. One notable 
source is the heparin line, especially when improperly clamped and rinsed during 
the reprocessing of the dialyzer and tubing. Use of ACE inhibitors may augment 
these reactions. 

Other factors that (rarely) may cause allergic reactions include heparin, residual 
substances from the water filter, and acetate. Isolated reports pointing to each of 
these have been published. Heparin allergy is not uncommon and should be consid- 
ered if other agents have been excluded. 

Although all of these bradykinin-releasing reactions are exacerbated by ACE 
inhibitors, angiotensin II antagonists, also known as angiotensin II receptor blockers 
(ARBs), have no effect on ACE and, in theory, should not be associated with these 
reactions. 

If an anaphylactic reaction is suspected, dialysis must be stopped immediately, 
blood lines clamped, and blood must not be returned. Further management de- 
pends on the severity of symptoms. In mild forms, discontinuation of dialysis and 
the administration of oxygen and antihistamines may be enough. In more severe 
cases, steroids, epinephrine, and cardiopulmonary resuscitation may be necessary. 
Of course, it is best to prevent problems from occurring and the following preventive 
steps should be carried out: 

(i) Dialyzers that have been stored for long periods of time have less Eto- 
associated problems than dialyzers that arrive fresh from the manufacturer, 
but a proper Eto rinsing procedure for all dialyzers (and blood tubing) should 
be used. Use of a sufficient volume of fluid (e.g., 3 1 of saline) in the rinsing 
procedure reduces the risk of a reaction. In Eto-sensitive patients, dialyzers 
sterilized by other means (e.g., gamma sterilization) should be used. Use of 
reprocessed dialyzers removes the risk of Eto exposure and even new dialyzers 
can undergo reuse procedure prior to first use. 

(ii) Until the situation is further clarified, patients taking ACE inhibitors should 
avoid AN6 membrane dialyzers. 

(iii) To prevent bacterial contamination, bicarbonate solution should be made in 
“treated” water (see Section 2.5.2. 3 in Chapter 2). Once the solution has been 
made it must not be allowed to stay unused for long periods (>4h), because 
bacteria grow quickly in this medium. 

(iv) The dialyzer and blood tubing rinsing procedure should ensure complete re- 
moval of all sterilizing agent. All the connecting side branches, such as the 
heparin line, should be clamped when the dialyzer is rinsed and should be 
rinsed completely. Failure to do this can cause infusion of sterilant from these 
branches into the blood (e.g., when heparin is infused). 

(v) In sensitive patients heparin can be substituted with citrate or another anticoag- 
ulation method can be used. 
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• Type B reactions: These nonspecific reactions are milder but more common than 
type A reactions. They typically occur within the first hour of dialysis. The patho- 
genesis is unclear, but possible factors include activation of the complement by 
the membrane or by substances found in the dialyzer. These reactions are seen 
largely with previously unused dialyzers. The main symptoms are chest and back 
pain. Nasally administered oxygen often helps and dialysis can be continued. 
Reuse of a dialyzer can be initiated in patients who are prone to these reactions. 
It is important that coronary artery-related chest pain should be excluded as a 
possible cause. 



5.2 Machine-Related Complications 

These accidents are due largely to either mechanical safety system failure or to 
human failure. 



5.2.1 Air Embolism 

Manifesting clinically as acute dyspnea, loss of consciousness, seizures, and 
lower extremity ischemic symptoms, air embolism is an extremely rare (yet life- 
threatening) complication. With fast blood flow rates (>300ml/min), even a small 
leak has the potential to cause infusion of a large volume of air into the circulatory 
system. Central venous dialysis catheters are also a source of air embolism. Slow 
injection of small amounts of air can be handled easily by the circulatory system 
without any clinical manifestation. However, rapid introduction of a large quantity 
of air can be lethal. 

The position of a patient during dialysis determines the severity of the problem 
associated with air embolism. If air enters through a peripheral vein ( fistula or graft) 
in a patient sitting upright, it will travel into the cerebral circulation causing cortical 
damage, convulsions, and coma. Air introduced by a central catheter into the right 
ventricle can cause acute hypoxia due to a pulmonary air embolism. It can also 
obstruct the right ventricle and cause a reduction in cardiac output, acute right-sided 
failure, or severe hypoxia. A patient lying in a head-down (Trendelenburg) position 
will have lower extremity ischemia because of the movement of the air into the 
lower extremity veins. 



5.2.1. 1 Management 

Once an air embolism is suspected, dialysis should be stopped immediately and the 
patient placed on their left side in a head-down position (to trap air at the apex of 
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the right ventricle). This done, endotracheal intubation with oxygen flow at high rate 
should be started. In severe cases, air may have to aspirated from the right ventricle 
using a Swan-Ganz catheter. 



5.2.2 Hemolysis 

Acute hemolysis during dialysis is usually caused by one of the following: 

- Oxidizing agents: Chloramine is used as a bacteriostatic agent in municipal wa- 
ter treatment, and is the most common oxidant that causes destruction of ery- 
throcytes during dialysis. Although the charcoal column in the water purification 
system of the dialysis unit normally removes chloramine, this can fail, causing 
accidental exposure and widespread hemolysis. Other oxidants that cause hemol- 
ysis include copper and nitrates. 

- Reducing agents: Formaldehyde is known to cause hemolysis. Exposure occurs 
when reprocessed dialyzers are rinsed improperly. 

- Hyperthermia: Dialysate heated to >45° C, due to failure of the heating system, 
thermostat, and temperature monitor, can cause massive hemolysis and death. 

- Mechanical problems: Pumping blood through a very tight passage can cause 
severe hemolysis. This occurs when the blood tubing is obstructed and pressure 
monitoring fails. 

- Hypoosmolar dialysate: Failure of the conductivity monitor and proportioning 
system can lead to the creation of a hypoosmolar dialysate, which can cause 
hemolysis. Diagnosis of significant hemolysis is not difficult (blood from the dia- 
lyzer appears bright red) but chronic and mild hemolysis are difficult to diagnose, 
unless a diagnostic work-up for hemolysis is undertaken. Treatment includes dis- 
continuation of dialysis; blood in the blood circuit must not be returned. Blood 
should be obtained for transfusion (typed and cross-matched) and steps should 
be taken to treat the hyperkalemia that is commonly present. 
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Chapter 6 

Dose of Hemodialysis 



With the loss of the kidneys, the concentrations of various solutes become abnormal 
and the total body fluid volume increases. The purpose of dialysis, therefore, is to 
achieve normalization of solute concentrations and fluid volume. One of the crit- 
ical roles of dialysis is to reduce the accumulated uremic toxin(s). Unfortunately, 
measurement of the uremic toxin is not routinely done because we do not have full 
identification of such a toxin or toxins. We know that urea and creatinine, the com- 
monly used markers for assessing the renal function, are not the uremic toxin. How- 
ever, today, unfortunately, the dose of dialysis is solely measured and monitored in 
terms of urea removal. It would be desirable to measure the dose in terms of dura- 
tion/frequency of treatments, solute removal, as well as fluid control. Blood pressure 
control and physical assessment of the fluid status should be used for the latter. 



6.1 Historical Background 

A set of clinical studies by the Seattle group in the late 1960s and early 1970s was 
the first attempt to define the dose of dialysis [1-3]. From these early studies, three 
major observations were made: 

Duration of dialysis: Adequacy of dialysis was dependent on the duration of dialysis, 
measured in terms of hours per week. 

Dialyzer function: The efficiency of the dialyzer, as determined by the surface area 
of the membrane, directly influenced the dose of dialysis. Thus, the overall dial- 
ysis dose was a function of hours of dialysis per week and the membrane surface 
area of the dialyzer. 

Middle molecule: In the 1960s, it became clear that urea or creatinine were not 
responsible for uremic syndrome [4,5], A set of elegantly designed, prospec- 
tive, well-controlled studies suggested that a molecule larger than urea (>500 Da) 
was responsible for uremic neurotoxicity [3], This molecule was termed middle 
molecule (MM), because it was larger than small molecules (SM) such as urea 
and creatinine, and smaller than large molecules such as albumin or peptides. Vi- 
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tamin B 12 was used as a surrogate marker for this molecule. Because the move- 
ment of MM from the extravascular to the vascular compartment is slower than 
that of SM and it is only removed through the larger pores on the dialyzer mem- 
brane that are relatively fewer than are the smaller pores, the total body clearance 
of MM is more dependent on the duration of dialysis than is the clearance of SM. 
The clearance of SM is more affected by the speed of dialysis, and blood and 
dialysate flow rates. 



6.1.1 Dialysis Index 

Babb et al. [2] proposed a mathematical model to quantify the dose of dialysis using 
vitamin B 12 as a surrogate for uremic toxin (MM). The simplified concept of the 
dialysis index (DI) can be expressed as follows: 

Dialyzer clearance of B 12 x Weekly duration of dialysis (hrs) 

168 hrs (=lweek) 

DImm = K x t/ 168; t = number of hours in one week 



If this time-averaged where K = clearance of MM was 301/week/1.73 m 2 body 
surface area (BSA) or 2.98 ml/min, the dialysis dose was considered adequate. 
Significant residual renal function was added to the equation [6], but this complex 
mathematical model, requiring vitamin B 12 clearance values, was not widely used 
in clinical practice. 



6.1.2 Urea Clearance 

Teschan et al. [7] observed that if patients had a total urea clearance >10 ml/min, 
they required less blood transfusion and had less uremic problems. They proposed 
the use of urea clearance relative to its volume of distribution as a means of measur- 
ing the dose of dialysis. Thus, a weekly urea clearance of 3,000 ml/week/1 of body 
water (volume of distribution of urea) was considered adequate dialysis. From these 
studies and from the studies of Gotch et al. [8], the concept of a relationship between 
dialyzer urea clearance (K), duration of dialysis (t), and volume of distribution of 
urea (V) was developed. Mathematically, this relationship was designated as dose 
of dialysis = Kt/V. To calculate this complex, interdependent relationship, a mod- 
eling program was devised by Gotch and his colleagues [8], and called urea kinetic 
modeling (UKM). Initial reports using UKM from the National Co-operative Dial- 
ysis Studies suggested that, for a protein intake of >0.8 g/kg/day, a Kt/V value of 
>0.8 should provide adequate dialysis [9], Over time, clinical studies have shown 
that the value of Kt/V should be over 1.2 to prevent under-dialysis and to minimize 
the consequences of under-dialysis (see Fig. 6.1) [10, 11]. 
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Fig. 6.1 Dose of dialysis and relative risk of death 



6.1.3 Urea as a Marker for Uremic Toxins 

Although urea itself is not the uremic toxin, it is currently used as a surrogate marker 
for the uremic toxin, and dialysis dose is quantified in terms of urea removal. The 
end products of carbohydrate and fat metabolism are removed by the lungs and 
by the skin, whereas the waste products of protein metabolism are removed by the 
kidneys. Therefore, it is logical to assume that uremic symptoms must be caused 
by the accumulation of the products of protein metabolism. Because urea is also a 
product of protein metabolism, it seems reasonable to use it as the marker for uremic 
toxin(s). Urea is, however, a small (molecular weight 60 Da), electrically neutral 
molecule and is thus capable of moving easily across various body compartments. 
For this reason, its dialytic clearance is more dependent on the rate of removal than 
on the duration of dialysis. If the uremic toxin is larger than urea, is electrically 
charged, and/or has a rate of flux across cell membranes that differs from that of 
urea, kinetic behavior during dialysis will be different from that of urea and urea 
would not be a good marker. The major advantages of using urea as the marker 
are that it is easily measured, that it is tested routinely, and that its metabolism, 
generation rate, and volume of distribution are well known. In addition, urea can be 
used to estimate protein intake. 



6.1.4 Current Methods of Measuring Dialysis Dose 

The current techniques for the measurement of dialysis dose are based on the re- 
moval of urea by dialysis. There are three methods commonly used, each with a 
different degree of difficulty and accuracy. 
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6.1.4.1 Urea Reduction Ratio 

The percentage decline in urea concentration during a dialysis session is a direct 
result of that treatment. The magnitude of decline can therefore be used to measure 
the dose of dialysis. 

The efficacy of dialysis in terms of urea removal is dependent on the urea clear- 
ance capacity of the dialyzer, the blood and dialysate flow, and to a lesser degree the 
duration of dialysis. The easiest method of dose determination is to measure both 
the predialysis and postdialysis blood urea nitrogen (BUN) concentrations and to 
calculate the percent reduction (urea reduction rate [URR]). 

URR = {1 — [postdialysis BUN concentration (post-BUN) /predialysis BUN 
concentration (pre-BUN)]} x 100 

Example 

Pre-BUN = 90mg/dl;post-BUN = 25mg/dl;thus,URR = [1 - (25/90)] 
x 100 = 72% 

Currently, a URR of 65% (equivalent to a Kt/V of 1.2) is considered to be the 

minimum acceptable level for adequate dialysis. 



6.1.4.2 Calculating Kt/V from Urea Reduction 

Kt/V can be calculated using urea reduction, ultrafiltered volume, and dialysis du- 
ration. Several reasonably accurate formulae calculate Kt/V from these (see below). 
Simple linear formula: 

Kt/V = 2.2 -{3.3 x [R— (0.03 — UF/W)]}, 

where R = post-BUN/pre-BUN; UF = predialysis weight - postdialysis weight; 
and W = postdialysis weight. This formula assumes a linear relationship between R 
and Kt/V, which is not precise. The Kt/V can, however, be calculated easily. Thus, in 
the example discussed above, if the patient loses 2 kg of weight and the postdialysis 
weight is 70kg, the Kt/V = 2.2- {3.3 x [0.27 - (0.032/70)]} = 1.50. This formula 
provides a rough estimate but is not very accurate or reliable. 

Logarithmic formulae: 

Because the relationship between Kt/V and URR is more logarithmic than linear, 
two logarithmic formulae provide accurate and reproducible results: 

, Ff/V —In R + (3 x [UF/W]) 

L Kt/V= 1 0.01786t 
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2. Kt/V= [-In (R- 0.008 x t)] + [(4-3.5 x R) x (UF/W)][12] 
where In = natural log and t = the duration of dialysis in hours. 



Example 

Using the above formulae, if the patient dialyzes for 3h: Formula 1 yields 
Kt/V = {(In 0.27) + [3 (2/70)]}/ [1(0. 017863)] = 1.47; and Formula 2 yields 
Kt/V= {[In 0.27(0.0083)]} + {[4(3.50.27)]}(2/70) = 1.41. 



6.1.4.3 Urea Kinetic Modeling 

Computerized programs can calculate Kt/V using complex formulae that are based 
on the interrelationship of dialyzer clearance, urea decline, and the volume of dis- 
tribution of urea. The basic steps are as follows: 

1 . Input the in vitro dialyzer urea clearance (K) value from the manufacturer’s sheet 
(for the appropriate blood flow rate). From this, the program estimates the in 
vivo clearance value, or uses the dialyzer clearance value from the mass transfer 
coefficient (KoA). 

2. Input the pre-BUN and post-BUN, weight values, and duration of dialysis (t). 
From this, the program calculates a delivered Kt/V value. It then computes a 
modeled value for the volume of distribution (V) of urea from the estimated K, t, 
and the slope of the intradialytic urea decline curve (see Fig. 6.2). 

The modeled V is then compared with the V value derived from the nomogram 
to identify treatment-related problems. 



6.2 Potential Problems with the Calculation of Dialysis Dose 

Even if the issue of using urea as the surrogate marker for the uremic toxin is omit- 
ted, other problems with the current methods of calculating dialysis dose exist. The 
most significant source of error is based on the assumption that urea movement is 
so rapid that it can be considered to be distributed in a single pool in the body. 



6.2.1 Influence of the Single-Pool Model 

Urea does not always behave as a solute distributed in a single pool. When dialy- 
sis ceases, the rate of blood urea increase is not linear; there may be at least two 
different phases, with a very steep initial curve followed by a less steep curve (see 
Fig. 6.2). 
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Intra-dialytic and Inter-dialytic Kinetics 




Fig. 6.2 Plots A and B represent two patients undergoing the same treatment (blood flow rate, 
dialysate flow rate, and ultrafiltration rate). The difference in the slope can be used to determine 
the volume of distribution (V) and generation rate. Thus, patient A has a larger V-value than patient 
B has, for urea. BUN blood urea nitrogen, PR postdialysis rebound 



In the example shown in Fig. 6.2, the BUN concentration drops, for patient A, 
from 90 to 25 mg/dl during a single dialysis session, giving a URR of 72%, but when 
the measurement is repeated 30 min later, the BUN has increased to 40 mg/dl — a rise 
that reflects the movement of urea from the extravascular to the vascular space; the 
steadily increasing curve following this initial steep rise represents the generation 
of urea. This means that the overall impact of dialysis was equivalent to a urea 
reduction of 55% (not 72%, an approximate Kt/V of 1.0 not 1.3). 

The behavior of urea in this example is that of a solute distributed in more than 
one pool. It should be clear from this that the timing of blood sampling for urea 
determination is critical in obtaining the correct URR value and the delivered dose 
of dialysis. Several factors, such as speed of dialysis, recirculation (peripheral and 
cardiopulmonary) of dialyzed blood, and poor perfusion of blood to tissue with a 
larger amount of urea, influence the equilibration between vascular and extravas- 
cular spaces or slope of curve. The fact that the dialyzer, attached to arteriovenous 
(AV) access, can be viewed as being connected in parallel to the rest of the body 
influences the efficiency of urea removal from the whole body. Thus, very efficient 
removal of urea (ultra-efficient dialysis) will deplete the vascular spaces of urea at a 
faster rate than the rest of the body, leading to a very steep decline in BUN. As soon 
as dialysis is stopped, however, a fast equilibration rapidly increases the BUN. 
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6.2.1.1 Correcting for the Two-Pool Model 

Because it is not practical to wait 30 min to obtain each postdialysis urea sample, 
two methods of correction for the two-pool model are available. Postdialysis urea 
rebound can be measured by obtaining blood samples both immediately after and 
30 min after the cessation of dialysis, and a correction factor determined from these 
data. This correction factor can be applied for future values, although, for accuracy, 
the rebound should be measured more than once. Because the rebound is influenced 
by the duration and rate of dialysis and by body size, mathematical formulae are 
available to correct for this effect. Under similar circumstances, the rebound is less 
marked (<30%) with venous central access (catheter) than with AV access. The two 
formulae for obtaining calculated equilibrated Kt/V (eKt/V) from the unequilibrated 
single-pool Kt/V are: 

For AV access: eKt/V = Kt/V - {0.6 x [(Kt/V) /t] } + 0.03 

For central venous catheters: eKt/V = Kt/V — {0.4 x [(Kt/V) /t] } + 0.02 

where Kt/V is obtained by using the immediate post-BUN from either the 
arteriovenous or venous access. 



6.2.1.2 Urea Kinetic Modeling 

Although this is a very reproducible method of determining the Kt/V, it does have 
several potential sources of error. Some of these have been addressed, but readers 
should be aware of the potential pitfalls, because the method is computerized, com- 
plex, and not easily understood. 

Access recirculation: In instances of access recirculation, the actual K will be lower 
than that used in the formula. Consequently, the actual delivered Kt/V will be 
lower than the calculated value. 

Dialyzer clearance: Accurate determination of K is a problem, and using the in vitro 
value that the manufacturer provides (which is usually an overestimate) leads to 
overestimation of Kt/V. 

Effect of dialysate, blood flow rates, and clotted fibers: Each of these influences the 
actual K value and, as such, the delivered Kt/V will again be lower than antici- 
pated. 

Time of dialysis: Any mistake in actual dialysis time compared with expected dial- 
ysis time will influence the results. If alarm interruptions, for example, are not 
factored in, the actual t will be shorter than the prescribed t, this will overestimate 
the Kt/V. 

Volume of distribution problems: Determination of V from the slope of the curve 
can be problematic, depending on the timing of the postdialysis blood sampling. 
Thus, while a steeper curve, based on a blood sample taken immediately after 
dialysis, may suggest a smaller volume of distribution, a 30-min wait may show 
a less steep decline and a larger actual volume of distribution (see Fig. 6.3). 
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Urea Kinetic Modeling and 
Miscalculation of Volume of Distribution 




Fig. 6.3 For A and B, refer to Fig. 6.2. In this example, a third patient C Behaves like B, but has a 
steeper rebound. If rebound was not measured, this patient would be considered to have a volume 
of distribution (V) for urea smaller than the actual value of V, thus leading to miscalculation of 
dose of dialysis (Kt/V ). BUN blood urea nitrogen, PR postdialysis rebound 



To minimize the impact of these problems, the procedure used must follow the 
recommended steps and verification guidelines strictly. 



6.2.1.3 Residual Renal Function 

When dialysis is first initiated, some patients may have residual renal function (K ru ) 
that is sufficient to have a significant impact on total uremic control; lowering the 
treatment requirement. However, it is not advisable to reduce treatment time based 
on renal function without frequent measurement of this function because it may de- 
cline rapidly, increasing the risk of under-dialysis. The potential errors in the mea- 
surement of K ru and its impact on the dose of dialysis should also be considered. 

When postdialysis blood is collected for urea measurement, the patient must 
empty their bladder (the urine is discarded). From this time, all urine must be col- 
lected and brought to the dialysis unit when the patient returns for the next dialysis. 
Again, the patient should be asked to void urine and collect that volume in a con- 
tainer. Predialysis blood should be collected for urea measurement, the time between 
the two dialyses noted, and K m calculated as follows: 

Urine urea concentration (mg/dl) urine volume (ml) 

K ru = Urine urea concentration (mg/dl) x urine volume (ml) /([post BUN 
+ pre — BUN] / 2 (mg / dl) x time between dialysis (minutes) 
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Example 

Post-BUN = 20mg/dl (collected at 1 1:00 Monday) 

Next Pre-BUN = 80mg/dl (collected at 07:00 Wednesday) 

Urine volume = 1 .5L; urine urea nitrogen = 200 mg/dl 

K ru = 200mg/dl x 1500ml/[(20mg/dl + 80mg/dl/2)] x (44 x 60)minutes 
= 2.27 ml/min 

Once K m is calculated, it can be used to calculate total Kt/V, using the follow- 
ing formula (devised by Gotch): 

For a patient dialyzing three times a week, the total combined KT /V = 
(Kt/V) + [5.5 x (K m /V)]. For a patient dialyzing twice a week, the total com- 
bined KT/V = (Kt/V) + (9.5 x (K m /V)], where V = volume of distribution 
of urea (V can be calculated from BSA). 



Measuring residual renal function in hemodialysis (HD): The reasons for the 
measurement of K m in HD are listed in Table 6.1; it is not advisable to use this 
value to reduce the time of dialysis unless the measurements are repeated monthly 
so that an unexpected decline would lead to an increase in dialysis time and risk of 
under-dialysis can be avoided. Recognizing this, the new Dialysis Outcome Qual- 
ity Initiative (DOQI) guideline does not recommend routine measurement of K ra 
(Table 6.2). 



Table 6.1 Reasons to Measure residual renal function in hemodialysis 

1. To measure total toxin removal: 

• To calculate T, dialyze just long enough to get minimum Kt/V urea — > 1 .2 

• Risk of under-dialysis for MM 

• Risk of persistent extracellular volume excess and hypertension 

2. To calculate DPI from nPCR (nPNA): 

Urea generated between two dialyses comes from protein catabolism that is equal to 
protein intake (this relationship is controversial) 

3. To predict outcome: 



• Its value to predict outcome is unclear 



Table 6.2 New KDOQI recommendation (“stop" and “cap”) 


Frequency 


Minimum (target) SpKt/V 






K ra <2 


<N 

A 

Is! 


Two per week 


Not recommended 


2.0 (2.3) 


Three per week 


1.2 (1.4) 


0.9(1.15) 


Four per week 


0.8 (0.9) 


0.6 (0.7) 



K ra < 2.0ml/min/1.73m 2 — > No reduction in Kt/V target (1.4, 15% higher than minimum of 1.2) 
K ra >2.0 ml/min, reduce minimum Kt/V by 20% 
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6.2.1.4 Normalized Protein Catabolic Rate 

In stable patients who are neither catabolic nor anabolic, the dietary protein in- 
take (DPI) correlates tightly with the protein catabolic rate (PCR), and the urea 
generation rate correlates well with the PCR. Thus, from the postdialysis and pre- 
dialysis urea measurements and the changes in volume of distribution of urea (total 
body water [TBW]), the urea generation rate and thus both PCR and DPI can be 
calculated. This relationship has been found experimentally to be: 

Urea generation rate (g/day) = [0.154 x PCR(g/day)[ — 1.7 

In the National Cooperative Dialysis Study (NCDS) a reduced rate of morbidity 
was observed in patients with high normalized PCR (nPCR) [9], presumably re- 
flecting a higher DPI. Studies have shown a beneficial effect of good PCR (DPI) 
and serum albumin on survival of patients [11], Thus, it is important to estimate 
nPCR as a part of dialysis dose measurement. UKM uses the rate of increase in 
BUN between dialysis sessions to calculate nPCR. In those patients with a signifi- 
cant urine output, it is important to include loss of nitrogen in urine. Formulae (see 
below) or nomograms (see Fig. 6.4) can be used to estimate nPCR from a mid-week 
pre-BUN and post-BUN. 

nPCR = 0.0186 (1 - 0.162R)(1 - [R + UF/V])Cpre/l - 0.0003 1 

where nPCR = normalized PCR, V = volume of distribution of urea (either deter- 
mined from Watson’s formula [see Section 9.21] or taken to be 0.58 x dry weight), 
Cpre = predialysis BUN, and t = dialysis time in minutes. 




Fig. 6.4 Values based on Kt and first-of-the week predialysis plasma urea nitrogen (after the long 
interdialytic interval) in patients dialyzed twice weekly. Kt urea clearance rate (reproduced with 
permission from [13]) 
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This formula ignores, however, the effect of timing of blood sampling. BUN prior 
to the first dialysis of the week is higher than that obtained prior to the second or 
third dialysis of the week. Pre-BUN is expected to be lowest for the third dialysis of 
the week. The following formulae have been proposed to take these variations into 
account and enable PCR (the term protein equivalent of nitrogen appearance rate 
[PNA] is preferred by some) to be calculated more accurately: 

For the first dialysis of the week: 

PCR (PNA) = (Co/[36.3 + 5.48 x Kt/V + 53.5/Kt/V]) +0.168 
For the second dialysis of the week: 

PCR (PNA) = (Co/[25.8+ 1.15 x Kt/V + 56.4/Kt/V]) +0.168 
For the last dialysis of the week: 

PCR (PNA) = (Co/[16.3 + 4.30 x Kt/V + 56.6/Kt/V]) + 0. 168 



In patients with significant residual renal function, the adjusted PCR (PNA) is 
calculated by substituting C 0 / with C r = C Q x (1 + [0.79 + 3.08/Kt/VKr/V]), 
where C Q = pre-BUN (mg/dl);Kt/V = single pool Kt/V; Kr/V = residual 
urinary urea clearance (ml/min); and V = volume of disturbance of urea (14) 



Recent data have raised questions about the value of calculating nPCR for the 
following reasons: 

1. The nPCR (DPI) have not been shown to predict outcome 

2. The calculation of DPI from nPCR may not be accurate 

Frequency of dialysis and Standard Kt/V (StdKt/V) concept: The discussion of 
dose measurement so far has centered around three times a week dialysis. Over the 
last decade, more frequent dialysis has gained popularity. Frequent dialysis requires 
a different concept of dose calculation. As seen in Fig. 6.5, more frequent dialysis is 
associated with lower peak urea concentration, and a lower Kt/V value is needed for 
each dialysis to achieve same results as a Kt/V of 1 .2 for three times a week dial- 
ysis. To calculate the comparable Kt/V values for different frequencies (2-7 HD), 
the concept of standard Kt/V (StdKt/V) has been developed. This is based on the 
concept of urea clearance equivalent to renal clearance or eK m and is applicable to 
varying frequencies of HD, PD and continuous therapies. 

eK ru : In steady state, the urea clearance by the kidney should be equal to the 
amount of urea removed divided by the plasma urea concentration: 

Urea clearance = (urine urea x urine volume) -4- plasma urea 
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Three Times/Week HD 



I 1 I 




Fig. 6.5 Pre and post dialysis urea concentration (Y axis) with three times and more frequent 
dialysis (arrows). Area above the dashed line represents toxic (underdialyis) concentrations and 
below line well dialyzed levels of urea. With more frequent treatments the required urea reduction 
per treatment (URR or Kt/V) to achieve good dialysis is less than with less frequent dialyses 

Let us take a hypothetical case in which a patient is continuously dialyzed for 1 
week. The urea clearance in this patient would be similar to the urea clearance by a 
natural kidney. Now let us assume the patient is getting 6 days of dialysis and each 
session lasts 2 h. In this patient, the dialysis urea clearance equivalent to renal urea 
clearance (eK m ) would be urea generation (G) divided by time average concentra- 
tion (TAC) of urea (similar to UV/P). The G can be calculated from postdialysis and 
the next predialysis urea concentrations and the TAC from several predialysis BUN 
measurements. Thus K = G/mean urea concentration. The mean urea concentration 
can be calculated from several predialysis urea measurements (see below). 

Example 

A 70-kg patient dialyzes for 2 h, 6 days a week. His g = 8 g/day; and his BUNs 
measured three times (Monday, Wednesday, and Friday) are 60, 55, and 54, 
respectively; thus, his mean (TAC) urea is (60 + 55 + 54)/3 = 55mg/dl. The 
TBW is 55% of body weight, or 38.5 1 (volume of distribution of urea or V). 

G = 8g/24h or 5.6 mg/min per 38.5 L 
eK ru = 5. 6 mg/min + 55 mg/ 100 ml 

= 10.2ml/min or 10.2 x 1 , 008 min/ week = 10.2L/week 

StdKt/V: StdKt/V is a method where a one week K (for all the treatments over 
one week) is normalized to the V (volume of distribution of urea). At least two 
formulae are available to calculate this, Gotch’s and Leypoldt’s formulae. 
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Gotch’s formula: 



0.184(nPCR-1.17) x V x 0.001 7x 1440 

StdKt/V = — : x — 

Mean urea concentration V 



First part of the formula is G, thus formula can be written as: 



StdKt/V 



G(mg/min) 10080 

Mean urea concentration V 



Leypoldt formula can be used for intermittent as well as continuous therapies: 



S,dK,/V = „ teSxtl-expl-eqKl/VDA/eO 

' [(1 -exp(-eqKt/V))/eq/Kt/V+ 168/N/(t/60) - 1] 

Where N = number of treatments per week 

And, eqKt/V = 0.924 x spKt/V - 0.395 x spKt/V/(t/60) + 0.056 

Leypoldt’s formula can also be written as: 



StdKt/V 



1008 



t- e — ’ -Kt/V 

t 



1 -~ eKt /V 1008 
spKt/V " 1_ Nt-l 



where t is the dialysis session duration in minutes and N is number of dialysis 
treatments per week. 

The StdKt/V of 2.0 is considered the minimum adequate dose of dialysis 
for all treatment modalities. 



6.3 Determining Adequate Dialysis 

Unfortunately, each of the studies looking at the adequacy of dialysis dose has been 
designed in such a way that the dose identified is that below which there is increased 
morbidity and mortality (the minimum dose). Questions now need to be asked about 
the optimum dialysis, a dose which, if increased further, is not associated with any 
further improvement in morbidity or mortality statistics (the optimum dose). 

Further, the dose has, to date, been defined only in terms of solute clearance, and 
the issue of volume (fluid) control, another critical function of dialysis, has not been 
addressed adequately. It is clear that control of hypertension in the dialysis patient 
has a direct impact on survival and that appropriate fluid volume control leads to 
adequate blood pressure control. Fluid volume control is easier with longer dialysis 
than with shorter dialysis, but it is unclear whether this is secondary to better volume 
control or the better MM clearance that is observed with longer dialysis. 
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The best survival for dialysis patients has been reported by Charra et al. [15] and 
it is worth noting that their patients were dialyzed for longer than usual (very good 
MM clearance) and that <5% of their patients required blood pressure medications. 
This suggests that future work should focus on the impact of MM clearance and 
volume control as critical components of the measurement of dose of dialysis. 



6.3.1 Acceptable Kt/V Values 

In general, it is now accepted that the minimum Kt/V value of >0.9 defined by 
NCDS is inadequate, with most people accepting the National Kidney Foundation 
(NKF)-DOQI guidelines value of 1.2 (some consider 1.4 the acceptable minimum 
value). It is important to remember that if post-BUN is measured immediately after 
dialysis and Kt/V is determined to be 1.3, the equilibrated Kt/V may be as low as 
1.0 if the patient has a large postdialysis urea rebound. The more uniformly useable 
concept of StdKt/V suggests that the minimum acceptable dose should be 2.0. 



6.3.2 Frequency of Dose Measurement 

At present, the practice of measuring the dose once a quarter or once a month may be 
too infrequent. Recently, it was observed that Kt/V correlates well with the volume 
of blood dialyzed [16]. This value is available for each dialysis and can be used to 
monitor the dose for every treatment. The effect of the volume of blood dialyzed on 
patient outcome has, however, not been studied. 
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Chapter 7 

Continuous Therapies 



Robert M Winrow, MD 
Suhail Ahmad, MD 



7.1 Overview 

Critically ill patients with acute kidney injury can be too unstable to tolerate con- 
ventional intermittent dialysis therapies (IHD). With continuous therapies, the rate 
of fluid removal and solute exchange is decreased thus leading to improved patient 
tolerance of the procedure. Continuous renal replacement therapies (CRRT) take ad- 
vantage of two methods of fluid and solute removal: diffusion-based solute removal 
(dialysis), or convection-based solute and fluid removal (filtration), or both simulta- 
neously. The reported benefits of CRRT therapy in critically ill patients include: 

- Less hemodynamic instability 

- Better tolerance to ultrafiltration 

- Removal of immunomodulatory substances with convective therapies 

- Less effect on intracranial pressure 



7.2 Types of Continuous Therapies 

- Continuous arteriovenous hemofiltration (CAVH) 

- Continuous venovenous hemofiltration (CVVH) 

- Continuous venovenous hemodialysis (CVVHD) 

- Continuous venovenous hemodiafiltration (CVVHDF) 

- Slow low-efficiency diffusion hemodialysis (SLEDD) 

- Slow continuous ultrafiltration (SCUF) See Table 7.1 



7.2.1 Continuous Arteriovenous Hemofiltration (CAVH) 

The initial description of the CAVH technique by Kramer in 1977 [1] used blood 
drawn directly from an artery, passed into a hemofilter, and returned to a vein. The 

S. Ahmad, Manual of Clinical Dialysis, DOI 10.1007/978-0-387-09651-3_7, 95 
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Table 7.1 Comparison of techniques [12] 





IHD 


CWH 


CVVHD 


CVVHDF 


SLEDD 


SCUF 


Membrane 

permeability 


Variable 


High 


High 


High 


Variable 


High 


Blood flow rate 
(ml/min) 


250-400 


200-300 


100-300 


200-300 


100-200 


100-200 


Dialysate flow 
rate (ml/min) 


500-800 


0 


16-35 


16-35 


100-300 


0 


Filtrate (1/day) 


0-4 


24-96 


0^1 


24-48 


0-24 


0-24 


Replacement 
fluid (1/day) 


0 


21-90 


0 


23-44 


0 


0 


Effluent 
saturation 
(urea, %) 


15—40 


100 


85-100 


85-100 


60-70 


100 


Solute clearance 


Diffusion 


Convection 


Diffusion 


Diffusion + 
convection 


Diffusion 


Convection 

(minimal) 


Urea clearance 
(ml/min) 


180-240 


17-67 


22 


30-60 


75-90 


1.7 


Duration (h ) 


3-6 


>24 


>24 


>24 


Variable 


Variable 



systemic arterial pressure drove the system without a blood pump, similar to ear- 
lier dialysis using Scribner’s shunt. Ultrafiltration at a slower rate was controlled 
by gravitational force, by varying the height of the collection bag from the pa- 
tient. The ultrafiltrate was replaced by a fluid similar in composition to dialysate. 
If the replacement fluid was added prior to the hemofilter, the technique was called 
pre-dilution, whereas fluid replacement after the filter was called post-dilution (see 
Fig. 7.1). 

Thus, CAVH had the following potential advantages: 

- No machines, pumps, monitors, or specially trained staff required 

- Hemodynamic stability due to slow convective clearance 

- Easier management of volume load 

- Theoretically improved middle molecule clearance compared with diffusion 
dialysis 



7 . 2.2 Continuous Venovenous Hemofiltration ( CWH) 

Although CAVH had the above advantages, the system still required arterial ac- 
cess, with associated complication rates in the 3-28% range [2,3]. These complica- 
tions included arteriovenous fistula, arterial embolization, pseudoaneurysm, arterial 
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Continuous Arteriovenous Hemofiltration Set-up 





hemorrhage, and infection. Subsequently, venous access came to dominate CRRT 
vascular access. This required the addition of a blood pump with associated power, 
monitors, and technology similar to that of IHD, except that the dialysate circuit 
was not required (see Fig. 7.2). Table 7.2 shows the ratio between the concentration 
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Table 7.2 Relation of ultrafiltrate to plasma with CAVH 



Ultrafiltrate (UF) Plasma (P) UF/P ratio 



Sodium (mEq/1) 


135.3 


± 


11.2 


136.2 


± 


10.37 


0.993 


± 


0.023 


Potassium (mEq/1) 


4.05 


± 


0.71 


4.11 


± 


0.66 


0.985 


± 


0.055 


Chloride (mEq/1) 


103.7 


± 


9.55 


99.3 


± 


10.8 


1.046 


± 


0.037 


Bicarbonate (mEq/1) 


22.13 


± 


5.08 


19.78 


± 


4.69 


1.124 


± 


0.085 


Blood urea nitrogen 


82.9 


± 


38.4 


79.1 


± 


36.1 


1.048 


± 


0.024 


(mg/dl) 




















Creatinine (mg/dl) 


6.63 


± 


4.00 


6.5 


± 


3.86 


1.020 


± 


0.074 


Uric acid (mg/dl) 


7.54 


± 


3.33 


7.35 


± 


3.00 


1.016 


± 


0.081 


Phosphorus (mg/dl) 


4.15 


± 


1.29 


3.94 


± 


1.13 


1.044 


± 


0.078 


Glucose (mg/dl) 


173 


± 


84.5 


164.5 


± 


76.6 


1.043 


± 


0.055 


Total proteins (g/dl) 


0.13 


± 


0.13 


6.21 


± 


0.32 


0.021 


± 


0.021 


Albumin (g/dl) 


0.02 


± 


0.04 


2.65 


± 


0.46 


0.008 


± 


0.016 


Calcium (mg/dl) 


5.12 


± 


0.42 


8.08 


± 


0.61 


0.637 


± 


0.071 


Total bilirubin (mg/dl) 


0.44 


± 


0.55 


12.1 


± 


9.52 


0.030 


± 


0.029 


Direct bilirubin (mg/dl) 


0.26 


± 


0.31 


7.35 


± 


5.89 


0.030 


± 


0.019 


Creatinine 


66.5 


± 


88.3 


80.9 


± 


88.2 


0.676 


± 


0.215 



phosphokinase (IU) 



All values are expressed as means ± standard deviation. N = 10 samples. Repro- 
duced from [4] with permission 



of common plasma constituents in the ultrafiltrate and plasma [4], If the ratio of 
ultrafiltrate to plasma (sieving coefficient) is 1, then the clearance of that solute is 
equal to the ultrafiltration rate. Volume removed/replaced was often not enough to 
achieve sufficient solute removal (dialysis) and risk of under-dialysis became an 
issue, particularly in catabolic adult patients. 



7.2.3 Continuous Venovenous Hemodialysis (CWHD) 

In CWHD, dialysate is run through the membrane in a slow continuous manner. 
Diffusion is the primary method of solute removal and the total amount of fluid is 
significantly lower than in CVVH, because this equals the volume to be removed 
to control volume overload. Although there is convective clearance with this fluid 
removal, it is a relatively small addition to the diffusive clearance. 

With the transition to venovenous access in the mid 1980s [5], the dialysis ma- 
chine became both more complicated and more accurate. The pump-driven ven- 
ovenous circuit allowed for more precision and higher blood flow rates as compared 
with the arterial pressure-driven CAVH circuits. However, the use of the blood pump 
also necessitated safety systems to monitor for venous air embolus, air detectors 
with occlusion clamps, and the use of pressure transducers. An additional benefit 
was that large-bore arterial access was no longer needed. 
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7.2.4 Continuous Venovenous Hemodiafiltration (CWHDF) 

The convective clearance of CVVH is not always sufficient to maintain adequate so- 
lute clearance in extremely catabolic critically ill patients. Therefore, solute removal 
was increased by allowing dialysate to flow at a slow rate across the filter, thus 
adding diffusive to convective clearance. This continuous combined hemofiltration 
and dialysis was called continuous hemodiafiltration (CAVHDF or CWHDF, de- 
pending on the blood access. Fig. 7.3). To prevent contamination across the per- 
meable hemofilters, sterile pyrogen-free dialysate (such as peritoneal dialysate) was 
used. The system still did not require the dialysate-related technological complex- 
ities of the usual hemodialysis (HD) machines. The continuous slower speed of 
treatment was still better tolerated than intermittent treatments. 



7.2.5 Slow Low-Efficiency Diffusion Hemodialysis (SLEDD) 

Current CWHDF therapies take advantage of integrated systems to successfully 
offer this therapy (see Section 7.3.6 Machines, below). However, the systems have 
a number of drawbacks, including: 

- Initial cost of the specialized CRRT machines 

- Component costs (tubing, dialyzers) customized for the CRRT machine 
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- Nursing training for the CRRT machines 

- Replacement fluid logistics and costs 

- Increased patient care complexity for intensive care nurses managing CRRT 
machines 

Thus, interest developed in using regular hemodialysis machines (used for intermit- 
tent therapy) to offer continuous renal replacement support. SLEDD therapies slow 
down the solute removal rate by decreasing both blood and dialysate flows for con- 
tinuous use. By using conventional IHD machines and adjusting blood flows into the 
100-200 ml/min range and dialysate flows to 100-300 ml/min, it is possible to of- 
fer CRRT with these machines, and the treatment is better tolerated with relatively 
more overall solute removal. The cost is also lower because special dialysate and 
replacement fluids are not required. 



7.2.6 Slow Continuous Ultrafiltration (SCUF) 

SCUF is used mainly to control fluid excess without a diffusive process, thus, it 
is hemodynamic ally better tolerated. However, the overall solute removal by this 
convective process is much lower than with hemofiltration because the UF volume 
is relatively small. With continuous therapy, up to 15+1 of fluid per day can be 
removed. 



7.2.7 Newer Technologies 

With the increasing interest in SFEDD for CRRT, and to provide additional con- 
vective transport by hemofiltration or hemodiafiltration that would be less complex 
and expensive, “online” generation of replacement fluid for the SFEDD machines 
has been developed. Thus, the ability of IHD machines to generate large quantities 
of less expensive dialysate (up to 800 ml/min) is tapped. To have the fluid gener- 
ated from the dialysate free of contaminants, an extra set of filters is inserted (see 
Fig. 7.4). 

With the ability to generate large volumes of replacement fluids quickly and eas- 
ily, SFEDD therapy with online hemodiafiltration will become another option for 
CRRT therapies offering combined convective and diffusive clearance. 

Another variation on hemodiafiltration with SFEDD therapy is the concept of 
“mid-dilution hemofiltration.” A specially designed hemofilter has an inner and 
outer compartment, with blood entering on the side of the header, and traveling 
down the outer section. At the other end of the membrane, replacement fluid is in- 
fused, it mixes with the blood and travels back down the central component of the 
membrane to exit centrally (see Fig. 7.5). 
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RO Water 



Fig. 7.4 On-line hemodiafiltration set up, generation of RF from dialysate. 3-barrier filtration 
system. RO = reverse osmosis unit; RF = Replacement fluid 



Dialysate Dialysate 

In Out Blood In 




Fig. 7.5 Mid-dilution Flemofilter 



Nephros, Inc. (New York, NY), founded by members of Columbia University, 
has developed a proprietary system that uses the mid-dilution concept along with 
online replacement fluid generation to offer hemodiafiltration with a conventional 
dialysis machine. The system is currently undergoing clinical trials, and may offer 
another option for CRRT therapies in the near future (see Fig. 7.6). 
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Fig. 7.6 Mid-dilution hemofiltration system with on-line fluid generation 



7.3 Components of Continuous Therapies 
7.3.1 Vascular Access 

The CAVH and CAVHD therapies require both arterial and venous circulation. Al- 
though Scribner shunts (see Fig. 4.5) have been used for CAVH, separate catheters 
in the femoral artery and vein are most commonly used. Prior to placing the arterial 
catheter, the artery should be examined and should be free from bruits. The patency 
of the femoral artery and the distal arteries should be confirmed by Doppler. Spe- 
cial arterial catheters (usual internal diameter, 3 mm) are required and the technique 
for catheterization is the Seldinger technique described in Section 4.2.1. After the 
catheter has been inserted, the patient is confined to bed to prevent trauma to the 
femoral artery. Because arterial catheterization is associated with serious compli- 
cations (bleeding, atheroembolization, and ischemic injury to the limb distal to the 
catheter), the access should be monitored continuously for complications. If a ma- 
jor complication develops, the catheter should be removed immediately. Because 
the use of an arterial catheter is associated with the above, potentially serious, com- 
plications, it should be avoided if possible. 
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CVVH, CVVHDF, and SLEDD have become more popular because an arterial 
catheter is not required. These therapies are most commonly performed with a dual- 
lumen venous catheter that is inserted via the Seldinger technique. Internal jugular 
and femoral veins are the preferred choices. The right internal jugular is the op- 
timal insertion site; however, in patients with severe pulmonary edema or raised 
intracranial pressure, the femoral vein is a good alternative because it does not re- 
quire lowering of the patient’s head for insertion. Femoral catheters should be long 
enough (at least 20 cm) to reach into the inferior vena cava to improve flow and 
reduce recirculation during therapies. Critically ill patients can have a previously 
placed central venous catheter prior to hemodialysis catheter placement. Catheters 
in both internal jugular veins should be avoided in patients with elevated intracranial 
pressure because these can retard venous outflow from the head and worsen cere- 
bral edema. Subclavian lines should generally be avoided due to the increase risk 
of insertion-related complications and the risk of central venous stenosis and subse- 
quent difficulty with permanent dialysis access. However, in certain patient popula- 
tions, this is the only access available. Extreme care should be taken with removal 
of a subclavian hemodialysis catheter, because the puncture site is not very com- 
pressible. After catheter placement, the ports should be instilled with either heparin, 
or 4% sodium citrate in patients unable to receive heparin, to help maintain patency 
of the catheter. CRRT catheters are currently recommended to be changed only if 
clinically indicated, and not by a predetermined schedule [6], 



7.3.2 Tubing 

Various configurations of tubing with filters are available. Whichever CRRT system 

is used, the following characteristics should be present: 

- The overall length of tubing should be as short as possible to minimize resistance. 

- The arterial segment should have ports for the addition of anticoagulation, for 
sampling of blood (both before and after the anticoagulation port), and for pre- 
dilution replacement fluid infusion. 

- The venous segment should have a port for post-dilution replacement fluid infu- 
sion and a sampling port. 

- The tubing should have a mechanism for monitoring arterial and venous pres- 
sures. 

- Venovenous therapies require a pump; thus, the venous segment should have pro- 
visions for air trapping and removal. 

- All connections should have strong, fail-safe, Luer-Lok connectors to prevent 
accidental separation and blood loss. This is particularly important in venovenous 
therapies where a blood pump is used. 
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7.3.3 Filter 

Many filters are available for CRRT use, and Table 7.3 lists filters available for 
hemodiafiltration. For CAVH and CAVHD, the filter must have low resistance and 
high water permeability. 



7.3.4 Replacement Fluid 

For hemofiltration and hemodiafiltration, a significant part of the ultrafiltered vol- 
ume may be replaced by an alternative fluid, which must be similar in composition 
to plasma. Replacement fluids must be approved for direct infusion and must be 
sterile and pyrogen free. 



7.3.4.1 Composition of Replacement Fluids 

There are a number of options for replacement fluid composition. These include: 

- Routine IV fluids (lactated Ringers) 

- Designer replacement fluids made at the institution 

- Purchased premade solutions (see Table 7.4) 

- Ultrapure solutions generated from dialysate “online” (see Section 7.2.7) 

Simply made solutions will use Ringer’s lactate, which is similar in composition to 
normal plasma water (with lactate as a basic ion in place of bicarbonate). In patients 
with lactic acidosis or those who cannot metabolize lactate, this solution should not 
be used. 

Two solutions can be used simultaneously (preferred) or alternated. 

- One liter of normal saline (0.9%) to which 6-8 mEq of calcium and 3 mEq of 
magnesium are added. 

- One liter of 5% dextrose and 0.225% saline, to which 75 mEq of sodium bicar- 
bonate is added. Alternatively, if dextrose is not needed, this solution could be 
0.225% saline (1/2 normal saline) to which one ampule of sodium bicarbonate is 
added (50 mEq of sodium bicarbonate). 

If the serum bicarbonate concentration starts rising, fluid bicarbonate should be de- 
creased to 50 mEq in the second bag and the other constituents adjusted accordingly. 
It is important that these solutions should be used either simultaneously or in strict 
sequence. Additions to the bags must be carried out under sterile conditions and 
patients monitored closely throughout the procedure. 

The problems with designer fluids are that they are resource intensive for the 
pharmacy to produce, there is a lag time from when they are ordered until they 
are available for patient use, and laboratory confirmation of the composition is re- 
quired. Although premade commercially available solutions address some of these 
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Table 7.3 Filters for hemofiltration and hemodiafiltration 



Manufacturer 


Model 


Material 


Area (m 2 ) 


Priming 
volume (ml) 


B Braun 


Diacap 










PS 10 High 


PS 


1.0 


58 




PS 12 High 


PS 


1.2 


68 




PS 15 High 


PS 


1.5 


90 




PS 18 High 


PS 


1.8 


110 




PS 20 High 


PS 


2.0 


121 


Baxter 


Tricea 










110G 


CT 


1.1 


65 




150G 


CT 


1.5 


90 




190G 


CT 


1.9 


115 




210G 


CT 


2.1 


125 




Exeltra 










150 


CT 


1.5 


95 




170 


CT 


1.7 


105 




190 


CT 


1.9 


115 




210 Plus 
Syntra 


CT 


2.1 


125 




120 


PES 


1.2 


87 




160 


PES 


1.6 


117 


Bellcosorin 


BLS 










512 


PES 


1.3 


77 




514 


PES 


1.4 


85 




517 


PES 


1.7 


99 




812 


PES 


1.2 


73 




814 


PES 


1.4 


85 




816 


PES 


1.6 


94 




819 


PES 


1.9 


109 


Fresenius 


Optiflux F 










160NR 


PS 


1.5 


84 




180A 


PS 


1.8 


105 




200A 


PS 


2.0 


113 




200NR 

F 


PS 


2.0 


113 




50S 


PS 


1.0 


63 




60S 


PS 


1.3 


82 




70S 


PS 


1.6 


98 




FX 










40 


PS 


0.6 


32 




50 


PS 


1.0 


53 




60 


PS 


1.4 


74 




80 


PS 


1.8 


95 




100 


PS 


2.2 


116 


Gambro 


Polyflux 










140H 


PA 


1.4 


75 




170H 


PA 


1.7 


94 




210H 


PA 


2.1 


120 



(continued) 
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Table 7.3 (continued) 



Manufacturer 


Model 


Material 


Area (m 2 ) 


Priming 
volume (ml ) 




17R 


PA 


1.7 


121 




21R 


PA 


2.1 


152 




24R 


PA 


2.4 


165 


Hospal 


Nephral ST 
200 


PAN 


1.1 


64 




300 


PAN 


1.3 


81 




400 


PAN 


1.7 


98 




500 


PAN 


2.2 


126 


Idemsa 


MHP 










120 


PES 


1.2 


71 




140 


PES 


1.4 


81 




160 


PES 


1.6 


88 




180 


PES 


1.8 


104 




200 


PES 


2.0 


112 


Nipro 


Surelyzer PES 
110DH 


PES 


1.1 


68 




150DH 


PES 


1.5 


93 




190DH 

FB 


PES 


1.9 


118 




150U 


CT 


1.5 


90 




150UH 


CT 


1.5 


90 


Nikkiso 


FLX 










15GW 


PP 


1.5 


91 




18GW 

FDX 


PP 


1.8 


108 




150GW 


PP 


1.5 


91 




180GW 

FDY 


PP 


1.8 


108 




150GW 


PP 


1.5 


91 




180GW 


PP 


1.8 


108 


Nephros 


OLpur MD 
190 


PES 


1.9 


140 




220 


PES 


2.2 


155 


Toray 


BK-P 


PMMA 


1.3 


76 






PMMA 


1.6 


94 






PMMA 


2.1 


126 




BS 


PS 


1.3 


81 






PS 


1.6 


102 






PS 


1.8 


116 



PS polysulfone, CT cellulose triacetate, PES polyether sulfone, PA polyamide 
blend, PAN polyacrylonitrile, PP polyester polymer alloy, PMMA polymethyl- 
methacrylate. Adapted from [7] 
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issues, they are more expensive and often flexibility is lost. “Online” generation 
of replacement fluids, from ultrapure dialysate, solves the complexity and expense 
problems. However, these systems are still undergoing clinical trials in the USA in 
early 2008. 



7.3.4.2 Site of Replacement Fluids 

As discussed above, the ultrafiltered volume can be replaced by infusion of replace- 
ment fluid into the arterial segment (prefilter, pre-dilution) or into the venous seg- 
ment (postfilter, post-dilution) of the tubing set. 

pre-dilution: This is useful if a large volume of ultrafiltrate has to be removed, 
because substantial UF without pre-dilution can cause significant hemoconcentra- 
tion in the later part of filter and the adjacent tubing segment, increasing the risk 
of clotting. With pre-dilution, however, the urea concentrations in the plasma after 
the addition of replacement fluid are about 10-20% lower than in the plasma prior 
to the addition of fluid, thus, clearance of urea is relatively lower. The pre-dilution 
method should be preferred if the hematocrit is greater than 40% or if the UF rate is 
>10ml/min (Table 7.5). The volume of replacement fluid is equal to the UF volume 
minus the weight loss required; however, the UF volume required to get similar urea 
clearance is about 10-15% larger for pre-dilution than for post-dilution. 

post-dilution: This method requires a relatively smaller volume of ultrafiltrate 
and replacement fluid. In post-dilution hemofiltration, the clearance of urea is equal 
to the ultrafiltration rate because the urea concentration in the ultrafiltrate is equal 
to the plasma urea concentration. The volume required is equal to the UF volume 
minus the weight loss required. 



Table 7.5 Comparison of pre-dilution and post-dilution guidelines 



Site of Replacement Fluid 


Advantages 


Disadvantages 


Indications 


pre-dilution 


Reduced clotting 


Requires larger 
volume of 


UFR >10ml/min 




Faster UFR 


replacement fluid 


Hematocrit >40% 
No/low 


post-dilution 


Less volume of 


Limited UFR 


anticoagulation 
Increased clotting 
No specific 




replacement fluid 




indication; can be 
used under all 
conditions other than 
listed above 




No hemodilution 
Good clearance 


May increase 
clotting risk 





UFR ultrafiltration rate 
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The following example demonstrates the difference in clearance when comparing 
pre-dilution with post-dilution strategies. 

Assume a patient with 45 1 of total body water requires an UF volume and 
replacement fluid (RF) volume of 40 1/day, or 28 ml/min, and a blood flow 
(Qb) of 140 ml/min. What is the percent dilution with a prefilter replacement 
fluid infusion? 

% Dilution = RF (ml/min)/[Qb (ml/min) + RF (ml/min)] 

% Dilution = 28 ml/min/(140 + 28) mL/min 
% Dilution = 28/168 
% Dilution = 16.5% 

Now assume an additional 5-1 ultrafiltration for volume overload, calculate 
the Kt/V with pre-dilution or post-dilution replacement fluids, where K is the 
dialyzer urea clearance, t is the duration of dialysis, and V is the volume of 
distribution of urea. 

RF at 40 1/day + UF at 5 1/day = 45 1/day total volume 
post-dilution 

Kt = 45 1 

V = 45 1 

Kt/V = 45/45 = 1 
pre-dilution 

Kt = 45 1 + 16.5% dilution = 37.5 1 

V = 45 1 

Kt/V = 37.5/45 = 0.83 



7.3.5 Dialysis Fluid 

Increased porosity of the hemofilters requires that the dialysate used must be ster- 
ile and pyrogen free. Commercially available peritoneal dialysis (PD) solutions are 
commonly used in counter-current flow through the filter to allow diffusion of so- 
lutes. PD solutions are potassium free, and potassium may need to be added to 
prevent hypokalemia. The solutions are dextrose-rich and, as such, significant quan- 
tities of dextrose can diffuse into the blood. The calories from dialysate dextrose 
should be taken into account when calculating the caloric requirements of the pa- 
tient. With the use of PD solution-based dialysate, the replacement fluid is generally 
kept dextrose free. 

Patients with liver disease and/or severe acidosis may not be able to metabo- 
lize lactate-based PD or NxStage solutions and may require a bicarbonate-based 
dialysate. An increase in anion gap and no improvement in acidosis should suggest 
that the lactate load is not being metabolized and a change to a bicarbonate-based 
dialysate may be necessary. It should be noted that lower bicarbonate concentrations 
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are generally used when regional citrate anticoagulation is used because the citrate 
metabolism yields bicarbonate. 

Alternatively, the replacement fluids manufactured as premade solutions can also 
be used as dialysate (see Table 7.4), or the local pharmacy can prepare dialysate-like 
solutions. “Online” generation of replacement fluid from ultrapure dialysate is used 
in Europe but at this time does not have regulatory approval in the United States. 

SLEDD uses a regular dialyzer, thus, the usual commercially available conven- 
tional A and B baths of HD can be used. 



7.3.6 Machines 

A number of machines are available for CRRT therapies. The five integrated 
hemofiltration CRRT systems available in the United States are: 

- Accura®, Baxter Healthcare, Deerfield, IL 

- Diapact®, B. Braun, Bethlehem, PA 

- Prisma®, Gambro, Lakewood, CO 

- PrismaFlex®, Gambro, Lakewood, CO 

- System One®, NxStage Medical, Lawrence, MA 

Of these, all but NxStage can also perform hemodiafiltration. For SLEDD, Fresenius 
2008K and 2008H machines are used, quite often along with the Gambro 200S 
Ultra. 



7.4 Dialysate Flow and Ultrafiltration Rates 

Dialysate flow and UF rates depend on the desired clearance of urea or creatinine 
by combined diffusive and convective transports. The following example illustrates 
this and can be used to calculate dialysate flow and UF rate. 



Example 

A patient with acute renal failure is evaluated on a Monday at 07:00. The 
patient’s usual (dry) weight is 62 kg but on Monday his weight is 70 kg and 
his blood urea nitrogen (BUN) is 60 mg/dl. His weight and BUN are reeval- 
uated 24 h later, during which time he has gained 2 kg, his BUN has risen to 
80 mg/dl, and he has taken 3 1 of water and voided 500 ml of urine (which 
contained 3 g of urea). The patient is expected to get 3 1 fluids in next 24 h but 
no additional losses are anticipated. To begin CVVHD, dialysate flow and UF 
rate must be calculated. 
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Step 1 — Calculation of urea generation rate 

Urea content on Monday = BUN x volume of distribution 
= 0.60g/l x [(0.6 x 621) + (0.60g/l x 8/)] = 27.12g 

(Volume of distribution of urea = 60% dry weight + extracellular volume 
(ECV) excess weight on Monday = 70 kg, of which, about 81 is ECV excess 
and 10 1 on Tuesday includes 2 1 of weight gain from Monday). 

Urea content on Tuesday = 0.80g/l x [(0.6 x 621) + (0.8g/l x 101)] = 
37.76 g 

Urea in the urine in 24 h = 3g. Urea generated between Monday and Tues- 
day (24 h) = increase in urea content + urea lost in urine + urea lost in other 
fluid losses. 

= (37.76 -27.12) + 3 + 0g 
= 13.64g in 24 h 

Step 2 — Calculation of urea clearance required to maintain urea 
concentration in a certain range 

Suppose the goal is to maintain BUN at an 80 mg/dl level for the next 24 h 
(assuming the same urea generation and losses). 

Urea nitrogen removal = urea nitrogen generation (to maintain status quo) 
= 13. 64g/24h (from Step 1) 

Urea removal = urea clearance x urea concentration 

13.64g/24h = urea clearance l/24h x 0.8 g/1 

Or, urea clearance = 13.64(g/24h)/0.8(g/l) = 17.05 1/24 h 



Step 3 — Calculation of UF and replacement fluid rates for CVVH 
or CAVH 

A. post-dilution hemofiltration: 

Total UF volume = UF for urea clearance (ignoring the effect of urinary 
and other fluid losses on urea removal) + anticipated fluid infusion = 17.05 
(from Step 2) + 3 = 20.05 1/24 h. 

Total replacement fluid = total UF volume + urine loss + other fluid losses 
(e.g., gastric suction) — desired weight loss — anticipated fluid infusion 
= 20.05 + 0.5 + 0-2 — 3= 15.5 1/day 
Replacement fluid (post-dilution) = 15.5 1/day 
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B. pre-dilution hemofiltration: 

UF volume to get desired urea clearance with pre-dilution = urea clearance 
x 1.15 = 17.05 x 1.15 = 19. 6L (15% lower urea concentration due to pre- 
dilution) 

Replacement fluid = UF volume + urine loss + other losses (e.g., gastric 
suction) = 19.6 + 0.5 + 0 = 20.1 1/day 

Total UF volume = replacement fluid + desired weight loss + anticipated 
fluid infusion = 20. 1 + 2 + 3 = 25. 11 /day 

C. Combined CVVHDF: 

With slow dialysate flow rates of < 150ml/min, the dialysate concentration 
of urea = plasma concentration of urea. Thus, the urea clearance (clearance = 
D/Px V) = dialysate flow rate + UF rate = 17.051/day (from Step 2). This 
can be divided between the dialysate and UF rates. 

If the dialysate flow is 10 1/day, then the UF rate = 7.051+ the volume to 
maintain fluid balance. 

Fluid to maintain fluid balance = anticipated fluid infusion + desired 
weight loss— urine and other losses = 31 + 21 — 0.51 = 4.5 1/day 
UF = 7.05 +4.5= 11. 55 1/day 

Thus, for post-dilution CVVHDF, dialysate flow rate = 10 1/day, UF rate 
= 1 1.55 1/day, and replacement fluid rate = 7.05 1/day. 

Divide the total clearance volume between the UF and dialysate flows. 
Replacement fluid = UF rate weight — loss desired. 



This and other examples are given only to illustrate the concept. They cannot be 
used as a guide to therapy. Other clinical variables must be considered and treatment 
modified accordingly. 



7.5 Anticoagulation 

Anticoagulation during continuous therapies can be quite challenging. Objectives 

for anticoagulation include: 

- 24- to 48-h system and filter patency; frequent clotting of the filter increases the 
cost and clotted fibers limit the efficiency of the system 

- Minimum systemic anticoagulation to reduce the risk of bleeding. It is difficult 
and challenging to achieve the correct balance between this and filter patency 

- An anticoagulant with minimum side effects and a short half-life, which can be 
reversed easily if necessary 

- Simple and inexpensive monitoring of the level of anticoagulation 
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Several anticoagulation methods have been used, but an ideal method has not yet 
been found. 



7.5.1 Heparin 

Heparin is the most commonly used anticoagulant, and many different methods of 
heparinization have been proposed. Filters can be prerinsed with heparin, and hep- 
arin is generally infused into the arterial limb of the extracorporeal circuit in doses 
of 500-2,000 U as a loading dose and then maintained as a continuous infusion at 
300-500 U/h (5-10U/kg/h) rate. Hourly adjustments are made to keep the partial 
thrombin time (a PTT) or activated clotting time 1.25-2.0 times baseline. Bleeding 
complications are common with prolonged treatments. 



7.5.2 Low Molecular Weight Heparin 

Experience with low molecular weight heparin (LMWH; heparin fractions in the 4- 
to 7-kDa range) in CRRT is limited [8]. LMWH produces an anticoagulant effect 
predominantly through antifactor X activity. With the lower nonspecific binding, 
LMWH has a more favorable profile of bleeding. However, it generally has a long 
half-life and is cleared via the kidneys, leading to even longer half-lives in renal 
failure. 

A metaanalysis of 11 trials of LMWH versus unfractionated heparin in IHD 
and hemofiltration found that bleeding events were not significantly different with 
LMWH [9], Fixed-dose dalteparin has been shown to provide identical filter life, 
comparable safety in terms of bleeding, but increased total daily cost, including 
coagulation assays, compared with adjusted-dose heparin in CRRT in an adult in- 
tensive care unit (ICU) [10]. 



7.5.3 Citrate 

Citrate binds with calcium to form a complex that is readily removed by diffu- 
sion dialysis. It is an effective procedure that provides desired regional anticoagu- 
lation. The circuits are free of clots and there is no risk of excessive bleeding. With 
prolonged infusion, particularly with CVVH, citrate toxicity is common, leading 
to hypocalcemia/hypercalcemia, hypomagnesemia, hypernatremia, and metabolic 
alkalosis. Citrate use is safer when diffusion dialysis is being used. To prevent hy- 
pernatremia, the dialysate sodium should be decreased and the amount of bicarbon- 
ate or lactate in the dialysate and/or replacement fluid also decreased. Four percent 
trisodium citrate solution containing citrate (140 mmol/1) can be infused into the 




114 



7 Continuous Therapies 



Table 7.6 Anticoagulant citrate dextrose form A (ACD-A ) citrate and calcium titration guidelines 



Postfilter ionized calcium (mM) 


Adjustment of ACD-A rate 


<0.20 


Reduce rate by 5 ml/h 


0.20-0.40 


No adjustment 


0.40-0.50 


Increase rate by 5 ml/h 


>0.50 


Increase rate by 10 ml/h 


Calcium chloride infusion titrated to systemic ionized calcium level 


Systemic ionized calcium (mmol/1) 


Adjustments of calcium infusion 


> 1.45 


Reduce rate by 10 ml/h 


1.21-1.45 


Reduce rate by 5 ml/h 


1.01-1.20 


No adjustment 


0.90-1.00 


Increase rate by 5 ml/h 


<0.90 


10 mg/kg calcium chloride bolus; 
increase rate by 10 ml/h 



Adapted from [13] 



arterial line at a rate of 170ml/h [11, 12], Hypocalcemia can be avoided by adjust- 
ing the calcium concentration of the dialysate and/or of the replacement fluid. Table 
7.6 demonstrates a citrate-calcium titration protocol: 



7.5.3.1 Citrate Dialysate 

Citrasate® dialysate (Advanced Renal Technologies, Bellevue, WA), a citric acid- 
based dialysate, is a new option for anticoagulation during hemodialysis. This for- 
mulation uses citric acid at 2.4 mEq/1 as the primary acidifying agent in the “A” bath 
with 0.3 mEq/1 acetate. Citrate dialysate has been shown to be well tolerated during 
SLEDD runs both in the general ICU population [14] and in patients with advanced 
liver failure [15]. It has also been successfully used for intraoperative dialysis during 
orthotopic liver transplantation [16]. 



7.5.4 Prostacyclin 

Prostacyclin (PGI 2 ) inhibits platelet aggregation and is a potent anticoagulant. How- 
ever, it causes hypotension, is expensive, requires monitoring by platelet aggregation 
studies, and has a prolonged antiplatelet effect (without the means to reverse it). 
It has been used with good results in a small number of pediatric patients [17]. 
Epoprostenol has also been used as the sole anticoagulant in CVVH patients 
(n = 51), with 1.0 bleeding episode per 1,000 patient-hours of treatment. The me- 
dian life span of the extracorporeal circuit was 15 h [18]. Another study demon- 
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strated that regional citrate anticoagulation offered longer filter survival as compared 
with combined prostacyclin and heparin in CVVH. The regional citrate was also 
cheaper [19]. Prostacyclin may offer longer filter survival and be associated with 
less bleeding risk than unfractionated heparin during CRRT in high-risk bleeding 
patients [20,21], Prostacyclin should be avoided in patients with fulminant hepatic 
failure because its infusion may increase intracerebral pressure and thus decrease 
cerebral perfusion pressure in this group of patients at risk of dying from cerebral 
edema [22,23]. Critically ill patients with respiratory failure can develop worsening 
ventilatory/perfusion mismatches with subsequent decreased oxygen delivery and 
uptake [24], With the above concerns, prostacyclin should be used with extreme 
care for CRRT. 



7.5.5 Argatroban 

Argatroban is a direct thrombin inhibitor that is metabolized by the liver but not 
cleared by the kidneys. There is little data on the safety and efficacy of argatroban 
in CRRT. One of the largest reported studies looked at 47 patients, including 14 
patients on CRRT, and found bleeding events in 6% of the treatments (n = 50) [25]. 
A recommended dosing guideline is given in Table 7.7. Of note, argatroban will 
artificially raise the International Normalized Ratio for prothrombin activity (INR), 
and thus activated partial thromboplastin time (aPTT) is followed. Overdoses are 
treated with administration of fresh frozen plasma. 



7.5.6 Lepirudin 

Lepirudin, a recombinant hirudin, is also a direct thrombin inhibitor that is renally 
cleared. See Table 7.7 for dosing. Of note, antibodies to lepirudin may develop 
after 5 days of use, leading to a potentiation of its anticoagulant effect. There is 
no effective antidote; however, there is a case report of activated factor Vila being 
used for hirudin-induced postoperative bleeding [26]. Data is also limited to its use 
in CRRT. 



7.5.7 Danaparoid 

Danaparoid, a heparinoid of low molecular weight (5.5 kDa) consisting of heparan 
sulfate (83%), dermatan sulfate, and chondroitin sulfate, has been used for CRRT 
anticoagulation but is currently unavailable for use in the United States. 
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Table 7.7 Anticoagulation alternatives 





Priming dose 


Maintenance dose 


Notes 


Heparin 


500-2,000 U 


250-500 U/h 


Maintain arterial 
aPTT > 45 s and 
venous > 60s; 
increase or decrease 
by 100 U/h as 
needed 


LMWH 

Regional 

citrate 

Citrate 

dialysate 


40 mg 

See Table 7.6 

Connect the acid 
concentrate to the 
machine 


10-40 mg/h 


Prolonged half life, 
different LMWHs 
may need differing 
doses 


Prostacyclin 




4-8 mg/kg/min 


Watch in cerebral 
edema and severe 
V/Q mismatches 


Argatroban 




0. 5-1.0 p.g/kg/min 


Start lower with liver 
dysfunction. Follow 
aPTT, 1.25 -2.0x 
baseline 


Lepirudin 




0.005-0.001 mg/kg/h 


Follow aPTT, 

1.5 — 2. Ox baseline 


Nafamostat 




0. 1 mg/kg/h 


Little experience 


Saline flushes 




100 ml flush each 30 min 


Can use in 
conjunction with 
low-dose heparin in 
patients with 
elevated bleeding 
risk 



aPTT activated partial thromboplastin time, LMWH low molecular weight heparin 



7.5.8 Fondaparinux 

Fondaparinux is a synthetic pentasaccharide that inhibits factor Xa by binding to 
antithrombin. Although it has been used in IHD [27], its use in CRRT needs further 
evaluation. Its anticoagulant properties are monitored by measuring antifactor Xa 
activity. A major drawback is its half-life, which is longer than the LMWH and 
lengthens further in renal failure. 



7.6 Drug Removal During CRRT 

7.5.9 Nafamostat 
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Nafamostat, a synthetic serine protease inhibitor used mainly in Japan, has an ex- 
tremely short half-life (5-8 min). A dose of 0.1 mg/kg/h in CAVH and CAVHD is 
reported to prevent clotting and carries a very low risk of bleeding [28], It should 
not be used with negatively charged membranes because the drug can be absorbed 
by the membrane [29]. 



7.5.10 No Anticoagulation 

In patients with prolonged bleeding times, thrombocytopenia, and liver failure, in- 
creased bleeding risk has led to the use of continuous therapies without anticoagu- 
lation. Despite prolonged bleeding times in these patients, the system usually clots 
and the filter needs to be changed after about 8 h. When using CRRT without an- 
ticoagulation, using a pre-dilution technique, increasing the dialysate flow to 3 1/h, 
and periodic saline flushes can help decrease clotting. 



7.6 Drug Removal During CRRT 

Data regarding the clearance of drugs during continuous therapies continues to grow. 
The following factors are known to influence drug removal: 

Therapy-related factors 

- UF rate 

- Dialysate flow rate 
Drug-related factors 

- Molecular weight of the drug 

- Protein binding 

- Volume of distribution 

- Endogenous clearance 

For continuous hemofiltration alone, the UF rate can be considered to be equiv- 
alent to the glomerular filtration rate (GFR); the dose adjustment information for 
that degree of GFR can be used. For example, if a patient is undergoing 600 ml/h 
UF (10 ml/min) without any dialysis, then the loss of a drug would be similar to that 
seen in patients with a GFR of 10 ml/min. The addition of dialysis makes this estima- 
tion more difficult because the diffusive clearances of drugs are different. Table 7.8 
shows the sieving coefficients of some commonly used drugs. The clearance of a 
drug is equal to the UF rate multiplied by the sieving coefficient. If possible, the 
drug level should be monitored and the dose adjusted accordingly. In addition to 
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Table 7.8 Sieving coefficients of some common drugs 



Drug 


Sieving 

coefficient 

(UF/P) 


Drug 


Sieving 

coefficient 

(UF/P) 


Amikacin 


0.88 


Imipenum 


0.80 


Amphotericin 


0.40 


Metronidazole 


0.86 


Ampicillin 


0.69 


Moxalactam 


0.44 


Cefoperazone 


0.27 


Nafcillin 


0.54 


Cefotaxime 


0.51 


Oxacillin 


0.02 


Cefoxitin 


0.64 


Phenytoin 


0.45 


Ceftazidime 


0.70 


Procainamide 


0.86 


Ceftizoxime 


0.63 


Streptomycin 


0.30 


Ceftriaxone 


0.71 


Procainamide (iV-acetyl) 


0.92 


Cefuroxime 


0.86 


Ranitidine 


0.74 


Cephapirin 


1.48 


Theophylline 


0.85 


Clindamycin 


0.98 


Thiocyanate 


1.07 


Digoxin 


0.96 


Tobramycin 


0.78 


Erythromycin 


0.37 


Valproic acid 


0.18 


Gentamicin 


0.81 


Vancomycin 


0.76 



drugs, significant quantities of nutrients (as high as 15g/day of amino acids) are 
also removed during continuous therapy. The net protein loss has been measured at 
77 mg/dl of filtrate [4], 



7.7 Intraoperative Dialysis 

A number of critically ill dialysis dependent patients need to undergo emergent, 
often life saving, surgical procedures. In certain of these cases, the patient would 
not survive the surgical procedure without dialytic assistance during the surgery. 
These include patients undergoing liver transplantation or cardiac surgery with vol- 
ume excess, significant acidemia, and/or significant electrolyte abnormalities such 
as hyperkalemia. 

Patients undergoing liver transplantation who often require intraoperative dial- 
ysis include those who are already dialysis dependant (fulminant liver failure, 
hepatorenal syndrome, acute tubular necrosis, etc.) and those with impending dialy- 
sis who would not survive the underlying imbalance without dialytic support during 
the surgery. As stated above, indications for intraoperative dialysis include: 

- Hyperkalemia 

- Volume overload with associated oligoanuria 

- Severe metabolic acidosis 

Most patients have a temporary catheter, generally located on the right side of the 
neck or in the groin, requiring extended tubing to connect the catheter and machine. 




7.8 Dose of Dialysis in Continuous Therapies 
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The tubing runs from the access catheter under the surgical drape to the machine, 
generally located at the head of the bed on the right. Extra tubing sets and vary- 
ing potassium baths should be available in the room as well. Although CVVHDF 
has been used, SLEDD therapy works extremely well and bypasses any logistic is- 
sues obtaining and changing replacement fluids during the surgery. This also allows 
citrate dialysate (see Section 7.5.3) to be used for extracorporeal circuit anticoagu- 
lation. Citrate dialysate is well tolerated even during the anhepatic and reperfusion 
states without any signs of citrate toxicity [16]. 

Advantages of intraoperative dialysis include: 

- Volume control 

- Maintenance of electrolyte homeostasis 

- Stability of acid/base status 

- Reversal of uremic bleeding diathesis 

- Temperature control of the patient 

Intraoperative dialysis with either CVVH or CVVHDF has also been used in car- 
diac surgery while the patient is on cardiopulmonary bypass [30, 31]. Dialytic 
support can also be offered to patients receiving extracorporeal membrane oxygena- 
tion (ECMO). In this case, the ECMO blood lines are connected in parallel to the 
dialyzer. 

Intraoperative dialysis can be a life-saving procedure allowing critically ill pa- 
tients to survive surgery. Differing modalities have been successfully used, with 
CVVH and CVVHDF in cardiac surgery cases and SLEDD therapies during ortho- 
topic liver transplantation. 



7.8 Dose of Dialysis in Continuous Therapies 

The ideal dose of dialysis for CRRT is unknown. However, a number of randomized 
control studies have been undertaken to begin the process of elucidating the ideal 
dose of dialysis in the ICU population. Ronco et al. looked at 425 patients with 
acute kidney injury and randomized patients to CVVH with varying ultrafiltration 
rates (20, 35, or 45 ml/kg/h). Fifteen-day survival was significantly lower in the 
20 ml/kg/h group as compared with the other two study groups [32]. In a nonblinded, 
single-center study, CVVH at an UF rate of 25 ±5 ml/kg/h was compared with 
CVVHDF at a UF rate of 24 ± 6 ml/kg/h and a dialysate flow of 18 ± 5 ml/kg/h. 
Significantly higher survival was found at 28 and 90 days with the additional solute 
clearance of the CVVHDF [33], 

Studies are ongoing to help further delineate the answer to this question. The 
United States Veterans Administration (VA)/the National Institutes of Health (NIH) 
“Acute Renal Failure Trial Network” (ATN) study is looking at two different dialysis 
dose ranges for all patients requiring IHD or CRRT for acute tubular necrosis. The 
“Intensive therapy” arm undergoes IHD or SLEDD therapy six times per week with 
a target Kt/V of 1.2 to 1.4 per treatment. If the patient requires continuous therapy, 
the UF rate target is 35 ml/kg/h. The “Less intensive therapy” arm undergoes IHD 
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or SLEDD therapies three times per week or a UF rate of 20 ml/kg/h for continuous 
therapies [34]. The second ongoing study, in Australia and New Zealand, looking at 
25 vs 40 ml/kg/h UF rates in CVVHDF [35] . 

Additionally, a pair of meta-analyses have recently been published addressing 
this question [36,37]. 

While awaiting further definitive studies focusing on the desired dose of dialysis 
needed in the ICU, we recommend aiming for IHD Kt/V of 1.2 per session and 
CVVH ultrafiltration rates of 35 ml/kg/h to ensure that these critically ill patients 
receive adequate dialysis. 
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Chapter 8 

Peritoneal Dialysis 



8.1 Historical Background 

The first article on the use of the peritoneal cavity in experimental uremia (induced 
in guinea pigs) was published in 1923 by Ganter [1], In 1961, Boen described the 
use of intermittent peritoneal dialysis (IPD) in patients with chronic renal failure [2]; 
dialysis fluid was infused into the peritoneal cavity and drained out intermittently. 
During the waiting period between infusion and drainage (dwell time), the solute 
molecules moved between the peritoneal capillaries and peritoneal fluid. This tech- 
nique was effective, but cumbersome and uncomfortable because the catheter was 
inserted before and removed after each procedure, requiring repeated puncture of 
the abdominal wall. Tenckhoff [3] later developed an indwelling catheter, which 
led to nightly dialysis. This intermittent method, using a cycler to infuse and drain 
fluid while the patient slept, was the most common form of peritoneal dialysis (PD) 
from the 1960s to the late 1970s. In 1976, Popovich et al. [4] introduced continuous 
ambulatory PD (CAPD), where four to six exchanges are done each day with long 
dwell times between exchanges. In 1978, this group described their early clinical 
experience using bottled dialysis fluid. In the same year, Oreopoulos et al. [5] also 
described their experience with CAPD. From this point on, use of CAPD increased 
and cycler-IPD declined. In 1979, the Seattle group used a combination of cyclic 
and automated PD in two patients. This technique was called continuous automated 
ambulatory PD (CAAPD) [6]. In 1981, Diaz-Buxo and coworkers [7] described 
their more extensive experience and called this technique continuous cycling PD 
(CCPD) — a name that is still widely used. 



8.2 Anatomy and Physiology 

A basic understanding of the anatomy and physiology of the peritoneal cavity is 
helpful in the management of patients using the technique of PD. This understand- 
ing also helps in improving the dialysis kinetics. The peritoneal cavity is a potential 
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Fig. 8.1 Sagittal section of the peritoneal cavity. (Adapted from [8], With permission) 



space lined by the peritoneal membrane (see Fig. 8.1) [8], the total surface area 
of which approximates the surface area of the skin in adults (children have a pro- 
portionately larger surface area). The surface of the membrane is lined by a layer 
of lubricated mesothelial cells, beneath which lies the interstitium (containing con- 
nective tissue and blood vessels, see Fig. 8.2) [9]. The blood supply to the vis- 
ceral peritoneum is derived from celiac, superior, and inferior mesenteric arteries 
and their local branches, while neighboring arteries supply the parietal peritoneum. 
The exact blood flow to the membrane is unknown but is probably from 60-70 
ml/min (no greater than 200ml/min). Venous blood drains ultimately into the hep- 
atic portal vein. Lymphatic drainage from the peritoneal cavity is largely through 
the diaphragm to the lymphatics that are associated with the internal mammary and 
anterior mediastinal lymph nodes; ultimately draining into the right lymphatic duct. 
In addition, the lymphatic system from the peritoneal cavity (particularly from the 
omentum) also drains into the thoracic duct. The peritoneal membrane has several 
size pores for the movement of various molecules. There are numerous ultrasmall 
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Resistance to Solute Movement During Peritoneal Dialysis 




n k 



Fig. 8.2 R1-R6 represent hypothetical sites of resistance to solute movement: RI-R3, re- 
lated to capillaries — blood flow, endothelium, and basement membrane; R4 and R5 , peritoneal 
membrane — interstitium and mesothelium; and R6, peritoneal dialysate flow (reproduced from [9] 
with permission) 



pores (0.8 nm in radius) that are transcellular (aquaporin), these mostly transport 
water molecules; there are many intercellular small pores ( 4-6 nm), which mostly 
transport small solutes; and there are few large pores (>20nm) transporting only 
large molecules such as peptides and proteins. 



8.3 Kinetics of Peritoneal Transport 



Figure 8.2 shows the path of molecules between blood in the capillaries of the peri- 
toneal membrane and dialysate fluid in the peritoneal cavity, and the various resis- 
tances to this movement. The mechanisms involved in this movement of molecules 
are discussed below. 



8.3.1 Diffusion 

As discussed in Chapter 1 , the movement of solute molecules from higher concen- 
tration to side with lower concentration is called diffusion. Thus, molecules such 
as urea, creatinine, vitamin B12, and PO4 diffuse from blood to dialysate — where 
the initial concentration of these substances is zero. Glucose and lactate are present 
in higher concentration in the dialysate and thus diffuse into the blood. The factors 
affecting the diffusion are: 
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Concentration gradient between dialysate and blood; the larger the gradient the 
faster the diffusion 

Effective surface area and permeability of the membrane; the higher the value 
the faster the diffusion 

Sum of all the resistances to the path of the diffusing molecule; the larger the 
value the slower the diffusion 



8.3.2 Ultrafiltration 

Movement of solvent (water) molecules across the peritoneal membrane controlled 
by the pressure gradient is called ultrafiltration (UF). The hydraulic pressure gradi- 
ent between the dialysate and the blood (and perhaps the lymphatics) is the major 
determinant of UF, but other factors, such as membrane surface area and hydraulic 
permeability, also are important. The hydraulic pressure in the capillary is exerted 
by the capillary hydrostatic pressure and is balanced by the oncotic pressure. The 
UF force in the peritoneal cavity is generated by the osmotic pressure of the fluid. 
High concentrations of dextrose in the dialysate cause a higher osmotic pressure in 
the cavity, drawing water out of the capillaries. The fluid flux can be expressed by 
the following equation: 

J F = K f ([P c + s f ] — [p c +P f ]), 

where Jp = net solvent movement between capillaries and peritoneal fluid; 

Kf = peritoneal membrane permeability coefficient (surface area x perme- 
ability); P c = hydraulic pressure in the capillary; Sf = osmotic pressure of the 
peritoneal fluid (dialysate); p c = oncotic pressure in the capillary; and Pf = 
hydraulic pressure of the fluid in the peritoneal cavity. 



8.3.2.1 Convective Solute Transport 

As discussed in Chapter 1, with UF of solvent (water), solute molecules move in 
bulk (solvent drag). This process is called convection. The convective movement 
contributes significantly to the solute movement for the PD technique, particularly 
for the larger molecular weight substances (such as the middle molecule [MM]). 



8.3.2.2 Net Ultrafiltration 

Net UF is the difference in the volume of fluid infused into the peritoneal cavity and 
that drained out. This represents the sum of fluid movement out of the capillaries 
and lymphatics, minus the water reabsorbed into them. 
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NetUF = F oc — (Fj c +Fn) 



where F oc = fluid out of the capillaries into the peritoneal cavity; F; c = fluid 
into the capillaries; and F;i = fluid into the lymphatics, both from the peri- 
toneal cavity. Thus, increase in F oc or decrease in Fj c and/or in Fji will increase 
net UF. 



8.3.2.3 Lymphatic Absorption 

The UF of water into the peritoneal cavity and the reabsorption into the blood and 
lymphatics of water is a continuous, dynamic process. The ratio of absorption in 
capillaries and in lymphatics is, however, a matter of controversy; some think that 
the lymphatic absorption is so significant that it may reduce the net daily UF by 80% 
[10], but others suggest that capillary absorption is predominant and that lymphatic 
absorption is a smaller fraction [11]. Whichever is the case, the lymphatic absorption 
of macromolecules is significant and may play an important role in the ratio of 
capillaric to lymphatic peritoneal fluid absorption. 
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Chapter 9 

Technique of Peritoneal Dialysis 



The essential elements of peritoneal dialysis (PD) are: 

- A viable peritoneal cavity lined by a functional membrane (characteristics of a 
functional membrane are discussed in Chapter 8) 

- Access to the peritoneal cavity, usually by means of an indwelling catheter 

- Dialysis fluid and delivery mechanism 



9.1 Peritoneal Dialysis Catheters 

9.1.1 Description 

Long-term PD was made a reality by the development (by Tenckhoff) of the first 
long-term indwelling catheter, created by adding Dacron® cuffs to the earlier 
silicone-rubber catheters. Modern catheters still use Tenckhoff ’s design or varia- 
tions on it (see Table 9.1 and Fig. 9.1). The material of the catheter is either silicone 
rubber or polyurethane on which with Dacron cuffs are placed. 

Each PD catheter is comprised of three parts: 

- An intra-abdominal segment. 

- A subcutaneous tunnel segment. 

- An external segment. 

The intra-abdominal segment has multiple small holes and an open terminal end. 
The subcutaneous segment has two cuffs, the outer cuff is placed just under the skin 
at the exit site, and the deep cuff is placed just external to the fascia covering the 
parietal peritoneum. The segment between the two cuffs lies in a tunnel, classically 
curved in shape, and running from the skin exit site to the deeper cuff (see Fig. 9.1). 
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Table 9.1 Commonly used peritoneal catheters 



Straight Tenckhoff 


Easy to place by percutaneous technique 
Easy to remove and replace 
Rectal discomfort is more common and outflow 
problems are more common 


Curled Tenckhoff 


Same as above, but better patency and better outflow 
Does not impinge on the rectum 


Swan neck 


Same as straight Tenckhoff 
Tunnel must be curved 


Missouri 


Combination of Toronto Western and 

swan-neck catheter 

Can only be place and manipulated 

surgically 


Lifecath 


Can only be placed and manipulated surgically 



Peritoneal Catheters (lateral views) 



Toronto Western Catheter 



Missouri Catheter 



§ fl 



Curled Tenckhoff Catheter 







Subcutaneous Rectus muscle 




Lifecath 

Subcutaneous cuff 




Swan Neck Catheter 




Fig. 9.1 Peritoneal catheters (lateral views) 
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Table 9.2 Comparison of catheter insertion techniques 



Technique 


Advantages 


Disadvantages 


Surgical 


Under direct vision: 
Lower risk of injury to 
viscera 

Catheter placed in desired 
place 

Adhesions or large 
omentum can be removed 
surgically 

Any type of catheter can 
be inserted 


More preparation is 
required 
More expensive 
Large incision 
Longer healing time 


Percutaneous 


Simple, easy, and quick 
procedure 

Heals quickly and can be 
used immediately 
Performed in patient’s 
room by the nephrologist 
Less expensive than the 
other two methods 


Increased risk of fluid leak 
Cannot be used if 
adhesions or large 
omentum present 
Higher failure potential 


Peritoneoscopic 


Faster healing 

Lower risk of fluid leak 

Simple procedure 

Useful even in presence of 

adhesions 


Higher risk of injury to 
viscera 

Not all catheters can be 
placed by this technique 
Expense of the scope 
Training with scope. 



9.1.2 Catheter Insertion Technique 

Three insertion techniques are used, surgical, blind (bed side) percutaneous, and 
peritoneoscope (see Table 9.2). The larger catheters (Toronto Western, Lifecath, and 
Missouri) have to be placed surgically, but Tenckhoff catheters (straight, curved, 
and with or without swan neck) can be placed by any of the three techniques. Prior 
to insertion of the catheter, the patient should be informed of the potential compli- 
cations, and the bladder and rectum should be emptied. If the patient cannot empty 
their bladder, a urinary catheter may be used to achieve this. This is to avoid punc- 
turing a full bladder, particularly a potential risk during the bedside insertion. 



9.1.2.1 Surgical Implantation Technique 

A horizontal incision of the skin is made over the lateral border of the rectus sheath 
(lateral approach) or at the medial border of the rectus muscle (paramedian ap- 
proach), and the subcutaneous tissue and rectus are dissected to expose the peri- 
toneal membrane. A 1- to 2-cm-long incision is made in the parietal peritoneum, 
and the bowel loops, omentum, and peritoneal cavity are identified. The appropri- 
ate catheter is soaked in sterile saline (the cuffs are soaked completely), all the air 
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Tenckhoff Technique with Curved Tunnel 




Deep cuff 
(just outside 
peritoneum) 

Catheter tip 
(just anterior to rectum) 



Umbilicus 
Curved tunnel 

Subcutaneous cuff 
(just under skin) 

External segment 
(points down) 



Fig. 9.2 Tenckhoff technique with curved tunnel 



is squeezed out to promote growth of the tissue, and the inside of the catheter is 
rinsed with 30-50 ml of saline to remove particulate matter. The catheter is then 
placed into the peritoneal cavity, either between the anterior abdominal wall and the 
omentum, beneath the left inguinal ligament, or alternatively, with the tip of catheter 
in the pelvic space just anterior to the rectum (Tenckhoff technique, see Fig. 9.2). 
The peritoneum is closed around the catheter, using nonabsorbable purse-string su- 
tures. The extent of postoperative leakage depends largely on the skill with which 
the peritoneum is closed. The deep cuff sits just external to the entry point through 
the peritoneum. Interrupted sutures are used to close the muscle and subcutaneous 
tissue around the deep cuff. The catheter is then laid over the skin in a curved fash- 
ion so that the external segment points down toward the feet at exit. Selection of the 
exit site and the length of tunnel must be performed carefully so that the external 
cuff lies just below it. Too much space between the cuff and the exit site increases 
the risk of infection, and a tunnel that is too short, over time, forces the cuff through 
the exit site. A tunneling tool is inserted through the exit site and advanced to the 
main incision, carefully tracking it to fit the shape of the desired tunnel. 

The catheter is attached to the tunneling device and pulled out through the exit 
site until the cuff sits snugly under the site. The main incision is then closed with 
appropriate sutures. 



9.1.2.2 Percutaneous Approach 

Both straight and curved Tenckhoff’s catheters can be introduced by this modifi- 
cation of the Tenckhoff technique. If the appropriate facilities are available, the 
procedure can be carried out in the patients’ room (with full sterile precautions). 
After the patient has voided urine, the appropriate site for the primary incision is se- 
lected; either in the midline just below the umbilicus, or on the lateral side, avoiding 
the course of inferior and superior epigastric vessels (see Fig. 9.3). After preparing 
the skin and administration of local anesthesia, a 2- to 4-cm-long incision is made 
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Fig. 9.3 Common incision sites 



and the subcutaneous tissue is dissected down to the fascia that covers the parietal 
peritoneum. The patient is instructed to take a deep breath, hold it, and tense the 
anterior abdominal wall. A rigid Baxter Trocath (Baxter, Deerfield, IL, USA) is in- 
serted through the peritoneum and fascia into the peritoneal cavity and the stylet 
is withdrawn. When this has been accomplished, the patient is allowed to breathe 
normally. Once the presence of the catheter in the peritoneal cavity is ensured, the 
cavity is filled with about 2 L of dialysate (note that in place of a Baxter catheter, a 
long [size 14] needle can be used to fill the peritoneal cavity). Once the cavity is full, 
a guide wire is fed through the catheter/needle and the catheter is then withdrawn, 
leaving the guide wire through the entry point into the peritoneal cavity and thus 
saving the entry point. The patient is again asked to tense their abdominal muscles, 
and a dilator with a scored, peel-away sheath is introduced over the guide wire and 
the insertion hole is dilated. The dilator is then removed, leaving the sheath in the 
cavity. A Tenckhoff catheter is threaded over the stylet, leaving about 1 cm of the 
internal end empty. A hemostat is applied over the stylet, just above the external end 
of the catheter, to prevent accidental advance of the stylet beyond the internal end 
of the catheter. The catheter is then advanced through the sheath (directed posteri- 
orly), and slowly and gently angled about 20° caudally. As the tip passes through 
the pelvic rim, resistance to the advancement of the catheter decreases. The stylet 
is removed and the catheter is checked for free flow of dialysate. If the flow is not 
free, the catheter must be repositioned. Once the catheter is positioned in the desired 
place (recto-cecal pouch), the sheath is peeled away. A curved tunnel is created (as 
described for the surgical procedure above) and the main incision closed. 



9.1.2.3 Insertion with Peritoneoscopy 

This procedure (the equipment for which is available from Medigroup, Aurora, IL, 
USA) is especially useful if adhesions are suspected. A trocar inside a metal cannula 
is advanced into the peritoneal cavity of an empty abdomen. A plastic Quill guide is 
coiled around the cannula, the trocar is removed, and the peritoneoscope is inserted 
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through the Quill guide; the position is confirmed by noting the smooth surface of 
the bowel and blood vessels, moving with respiration. The scope is removed and the 
abdomen is filled with 600 ml of filtered ah'. The scope is then reinserted through the 
Quill guide and the whole unit is advanced under direct vision to the most suitable 
place, avoiding adhesions and small spaces. The scope is then removed, leaving the 
Quill guide in place. The guide is dilated and the Tenckhoff catheter on its stylet 
(as discussed above) is advanced through the guide. The guide is removed carefully, 
ensuring that the catheter does not come out, and the stylet is then removed from 
the catheter. Tunnel creation and skin closure are as described above. 

9.1.2.4 Comparison of the Three Techniques 

Safety is the major advantage of the surgical procedure. It is carried out under direct 
vision and thus omentectomy (if necessary) and correct positioning of the catheter 
are possible. This procedure can also place any type of catheter. 

The major advantage of the percutaneous method is that it does not require an 
involved preparation or operating room. The procedure is quick, relatively inexpen- 
sive, and, with an experienced operator (usually a nephrologist), the risk of compli- 
cation is low. The incidence of fluid leak around the catheter is particularly low with 
this technique, even when the catheter is used immediately, as long as the infusion 
volumes are low during the first few weeks. Leakage is lower, the healing is faster, 
and, in experienced hands, overall outcome is better by this technique. 

The advantages of the peritoneoscopy are that it can be done by the nephrologist, 
and that adhesions can be avoided under direct vision. The disadvantage of the per- 
cutaneous method is the potential for complications (including injury to viscera or 
bleeding), whereas the cost of the surgical technique and the initial expense of the 
peritoneoscope are the disadvantages of the latter two techniques. Fluid leaks are 
more common and healing takes longer following the surgical technique. 

9.1.2.5 Postoperative Complications 

Many of these are complications that are experienced with any surgical procedure, 
including trauma to an abdominal organ (most commonly the bowel) or to vessels, 
bleeding, infection, and bowel perforation. Specific complications are discussed be- 
low and in Table 9.3 [1]: 

• Leakage around the catheter: This is more commonly seen in obese patients, and 
if the catheter is inserted through an incision (surgical) rather than through a 
puncture (percutaneous technique) wound of the peritoneal membrane. This usu- 
ally represents nonhealing of the deeper wound through which the fluid is leak- 
ing. Once it occurs, the fluid amount should be reduced to lower intra-abdominal 
pressure, and sufficient time for healing should be given. If a patient is receiv- 
ing CAPD, switching to nightly dialysis in a supine position and using less fill 
volume will help the healing process. The abdomen should be left empty during 
the daytime until the healing occurs and leakage stops. 
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Table 9.3 Common postoperative complications and their management 



Complication 


Management 


Fluid leak 


Decrease inflow volume 




Switch to cycler PD in supine position 
Keep abdomen empty when upright 


Outflow problems 


For supine patient, change positions 
Administer enema to move bowel loops 
Increase the vertical distance between the 
abdomen and the outflow bag 


Tunnel infection 


(1) Systemic antibiotics 

(2) If these fail or infection recurs, change the 
catheter and use a fresh site for the tunnel 


Pain during dialysate flow 
• At the beginning of 


Usually reaction to acidic pH; raise the pH of 


inflow, improving slowly. 
Ensure fluid is neither too 
hot nor too cold and 


dialysate; 


exclude peritonitis 
• At the end of inflow 


Reposition catheter; 


• At the epigastrium 
(pulling of omentum) 


Reposition catheter; 


Cuff erosion 
• Partial 


Good exit site care, leave the cuff alone 


• Complete 


Cuff can be carefully shaved off 


Flernias and hemorrhoids 


Reduce intra-abdominal pressure by decreasing 
inflow volume, switching to cycler PD in supine 
position 


PD peritoneal dialysis 



• Outflow problem: This is perhaps the most common and frustrating problem, 
manifesting as a decreased return of infused volume and leading to retention of 
fluid in the peritoneal cavity. Several steps can be taken to improve outflow. If 
constipation or decreased bowel movement is suspected, a laxative or a saline 
enema may be helpful in normalizing outflow (about 50% of outflow prob- 
lems respond). The height of the bed from the outflow bag should be checked 
and increased to improve the gravitational pull. Other causes of outflow prob- 
lems include mechanical obstruction, such as a clamp being left on, or the 
kinking/accidental suture of the catheter. If fibrin is observed in the outflow, 
100-500 U heparin/1 should be added to the dialysate. Although heparin appears 
to be helpful in preventing the problem, once the fibrin has blocked the catheter, 
heparin is of no use. Thus, in all new catheters and in the presence of peritoni- 
tis (which causes increased depositing of fibrin), heparin should be used. If the 
catheter is blocked by a fibrin plug, urokinase or tPA may be used in an attempt 
to dissolve the fibrin plug. Urokinase 5,000 IU is diluted with 0.9% saline solu- 
tion to 40 ml. This volume is infused into the catheter and the catheter is clamped 
for 30-90 min. At the end of this time, the catheter is unclamped and the fluid 
drained out. If the treatment is unsuccessful, the procedure should be repeated 
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with a higher dose of urokinase (10,000 IU diluted to 40 ml with 0.9% saline). 
Tissue plasminogen activator (TPA) can also be used. A 1 mg/ml TPA concentra- 
tion is infused and left for 1-2 h, and has been reported to open up plugged PD 
catheters. More diluted solution of TPA in 10 ml of 0.9 saline can be used and 
0.1 mg/ml strength has been reported to be effective. If the outflow problem is 
due to noncorrectable mechanical obstruction or due to incorrect positioning of 
the catheter tip, the catheter may have to be repositioned or replaced. 

Exit infection: Presence of redness, pus, or discharge at the exit site should be 
treated promptly because infection may if untreated may involve cuff and tunnel 
any discharge should be cultured. First, the area must be cleaned thoroughly and a 
local antibacterial agent (such as povodine-iodine) applied at least once a day. Local 
treatment alone tends to be effective but, if not, a systemic antibiotic should be used. 
If the cuff is not involved (the skin over the cuff is not inflamed, and squeezing 
on the cuff produces no discharge or pus), infection of the exit site can be treated 
successfully without removal of the catheter. 

Tunnel infection: Redness, pain, swelling, and induration over the tunnel are signs 
of tunnel infection. By squeezing the exit cuff, if purulent material is seen coming 
out of exit, it means that the cuff is involved and the infection is very difficult to treat. 
These infections do not usually respond to therapy, and the risk of recurrent peri- 
tonitis is high. If the infection does not respond to treatment, the catheter should be 
removed or replaced through a newly created tunnel, and antibiotic therapy should 
be continued for at least 1 week. 

Pain with inflow: Timing of pain may be helpful in identifying the cause (see 
Table 9.3). Pain that is felt as soon as fluid inflows and that improves with time is 
likely to be due to the acidic pH of the fluid and can be corrected by increasing the 
pH. If the fluid is too cold or too warm, the patient may feel a similar type of pain. 
Pain occurring toward the end of inflow and worsening during the end of outflow is 
seen usually in the presence of peritonitis. Other causes of pain include adhesions, 
pull on the omentum (the pain is usually felt mainly in the epigastrium), and the 
catheter tip rubbing against the rectum or other viscera. 

Cuff erosion: This tends to be the result of a tunnel being too short for the tunnel 
segment of the catheter, which, over time, forces the superficial cuff out. The ex- 
truded cuff can be carefully shaved off and the catheter left in place but the patient 
must be monitored carefully for any sign of infection. 

Back pain: This is seen frequently in patients undergoing CAPD and requires that 
the patient be evaluated for other medical problems affecting the back. Changing to 
nighttime (supine) dialysis may relieve symptoms. 

Hernias and hemorrhoids: Increased intra-abdominal pressure can cause ab- 
dominal hernia (particularly in children) and hemorrhoids. Decreasing the intra- 
abdominal pressure by decreasing volume in a nightly dialysis program may be 
helpful. 

Peritonitis: This is discussed in ChapterlO. 
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9.2 Peritoneal Dialysis Fluid 

This solution (the composition of which is given in Table 9.4) is dispensed in plastic 
bags that are larger in volume than the solution volume. In the USA, the basic anion 
is lactate and the pH of the commercially available solution is about 5.5 (to prevent 
caramelization of dextrose during sterilization). If a patient cannot tolerate this low 
pH, an alkali can be added to the solution but it is important that the pH is checked 
to prevent alkalinization of the solution. Sterile, pyrogen-free sodium hydroxide has 
been used for this purpose. 

Bicarbonate solutions: Instead of lactate, bicarbonate solution or bicarbon- 
ate/lactate solutions are now available. A two-compartment bag keeps the bi- 
carbonate solution separate from the rest of electrolytes, including calcium and 
magnesium, to avoid precipitation of their carbonate salts. Prior to use, the two 
solutions are mixed and infused. The bicarbonate solution has a higher pH and 
initial results are very encouraging. Harmful, long-term effects of an acidic dialysis 
fluid (lactate based) on the peritoneal membrane and on the function of leukocytes 
and macrophages have been reported but bicarbonate-based solutions have not been 
used at a large scale to fully asses the benefits. 



9.2.1 Osmotic Agents 

9.2.1.1 Dextrose 

Glucose or dextrose are the osmotic agents that have traditionally been used in PD 
solutions. In comparison to glucose, the amount of anhydrous dextrose is lower 
for the corresponding solutions (e.g., 1.5% solution contains 1.36 g/dl of dextrose 
or 1.5 g/dl of glucose). UF rates depends on the concentration of the dextrose in 
the solution and duration of dwell in the peritoneal cavity. Thus a 1.5% dextrose 
solution left for over 3 hours will have very little or no net UF, while a 4.25% 

Table 9.4 Composition of peritoneal dialysis fluid 



Electrolytes 


Standard solution (mEq/1) 


Sodium 


132 


Potassium 


0* 


Calcium 


2.5, 3.5 


Magnesium 


0.5, 1.5 


Chloride 


96-102 


Lactate 


35-40 


Glucose (g/dl)** 


1.5, 2.5,3.5,4.25 


pH 


5.2-5. 5 



* Potassium is often added to maintain serum concentration in normal range. 
** Dextrose is usually used as the osmotic agent; being anhydrous, a corre- 
sponding concentration is given by a smaller weight than glucose. 
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dextrose solution left for 6 hours or longer may still have significant net UF. After 
reaching a peak UF rate at a dwell time of 2-3 h, plasma and dialysate osmolarity 
equilibrates and the UF rate slows [2], This is followed by a gradual absorption 
of the intraperitoneal fluid across the peritoneal membrane and lymphatics. The 
dissipation of osmolarity is mainly a result of the absorption of glucose from the 
peritoneal cavity. It is proposed that the net glucose uptake (GU) is related to the 
glucose concentration and is predicted by the following formula [3]: 

GU(g/day) = (1 1.3 x [G] - 10.9) x V 

Where G = average daily dialysate glucose concentration and V = dialysate 
inflow volume (1/day). 



Normal glucose uptake ranges from 100-300 g/day in CAPD patients, depending 
on the glucose concentration of the solution used. Thus, the patient may get as much 
as 1,200 calories per day from the dextrose in the dialysate. The long-term deleterious 
effects of dextrose and the products of its degradation (as a result of lower pH of 
the solution) on peritoneal membrane are a source of ongoing discussions [3]. 

The UF volume is dependent on three major factors: 

Dialysate dextrose concentration (osmolarity) 

Dwell time 

Peritoneal membrane characteristics 

There is wide variation in the rate of absorption of glucose; faster glucose absorp- 
tion with a longer dwell time reduces the net UF volume, even with 4.25% dextrose 
solutions. This is discussed later, under the section on membrane transport charac- 
teristics. 



9.2.1.2 Alternative Agents 

Several osmotic agents other than glucose have been tried with varying degrees of 
success. These are listed in Table 9.5. 



Amino Acid Solutions 

Amino acid solutions have been studied as an alternative. In general, these have UFR 
that are similar to that of glucose; thus, a 1% amino acid solution is equivalent to 
1.5% dextrose in terms of UF volume, and a 2.0-2.76% amino acid solution is equiv- 
alent to 4.25% dextrose. Amino acids tend, however, to be absorbed faster and with 
longer dwell times (8 h or more), the UF volume is often lower than with dextrose 
solution. There is some indication that amino acids may increase the permeability 
of the membrane for creatinine by about 10%. Their beneficial nutritional effect is 
controversial, and with older, unselected amino acid solutions, there did not seem 
to be any significant benefit. Recent studies using more essential amino acids and 
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Table 9.5 Alternative osmotic agents to glucose and their potential complications (Reproduced 
from [4], With permission) 



Osmotic agents 
Gelatin 

Xylitol 

Sorbitol 



Mannitol 

Fructose 



Dextrans 
Polyanions 
Amino acids 



Glycerol 



Glucose polymers 



Potential complications 

Prolonged half-life and immunogenicity of some 
preparations 

Peritoneal pain, lactic acidosis, hyperuricemia, 
carcinogenicity, and deterioration of liver function 
Metabolized via polyol pathway, which may 
aggravate neuropathy, lactic acidosis, hyperuricemia, 
and hyperosmolarity 
Lactic acidosis, hyperuricemia 
Metabolized via polyol pathway, which may 
aggravate neuropathy, hypernatremia, lactic acidosis, 
hyperuricemia, and hypertriglyceridemia 
Risk of bleeding and systemic absorption 
Damage to peritoneum, cardiovascular instability 
Increased concentration of nitrogenous products in 
blood, increased hydrogen ion generation, 
expensive, optimal formulation not yet determined, 
difficult to sterilize in combination with glucose, and 
nonphysiological high plasma levels of amino acids 
Retention, hypertriglyceridemia, sterile peritonitis, 
greater ultrafiltration than glucose but of short 
duration, resulting in low net ultrafiltration capacity, 
and hyperosmolality 

Prolonged half-life, impaired metabolism in uremia, 
accumulation of maltose, and potential for high 
caloric loads 



less non-essential amino acids (mainly glycine and alanine) have, however, shown 
some beneficial effects in patients with protein malnutrition [5], These are usually 
used once a day, with more frequent use there is risk of metabolic acidosis and an 
increase in urea concentration is seen. 



Icodextrin Solution 

Icodextrin is a glucose polymer that is derived from starch, containing many glucose 
units bonded together. In the peritoneal cavity, it slowly breaks down into smaller 
units thus causing sustained osmolarity and UF. This is particularly helpful in high 
transporters in removing fluid, especially during the long dwell time (>6h). Thus, 
in CCPD (Automated PD, APD) patients, icodextrin solutions can be used during 
the daytime and in CAPD patients during the night dwell to achieve adequate UF. 
Higher blood levels of maltose and maltotriose have been observed with its use, this 
level interferes with the glucose assay by the glucose dehydrogenase pyroquinolone 
quinine method. The assay measures both glucose and malose thus giving false high 
readings. Patients using icodextrin must not use this blood glucose assay. 




140 



9 Technique of Peritoneal Dialysis 



9.3 Delivery Mechanism 

Delivery of fluid from the source to the peritoneal catheter is usually accomplished 
by using a transfer set, of which, two main types are in common use: 

Straight transfer sets: This comprises a straight piece of tubing, one end of which 
is connected to the catheter, the other end to the PD bags (for CAPD). The patient 
connects a full bag, opens the clamps, and instills the fluid into the abdominal cavity, 
rolls up the empty bag and transfer set, and carries it with them. At the end of the 
dwell time, the patient unrolls the empty bag, drains the fluid out into this bag, 
disconnects and discards the bag, connects a new full bag, and repeats the process. 
The transfer sets are changed periodically (once every few months). 

Y Sets: This comprises a Y tube with one empty and one full bag connected to 
the two arms of the Y and the third arm connected to an extension tube that is con- 
nected to the catheter. This configuration allows patients to disconnect and remove 
the empty bag (see Fig. 9.4). Use of the Y-set with a flush before the peritoneal fill 
(inflow) has been reported to decrease the incidence of peritonitis. 



9.4 Peritoneal Dialysis Techniques 

All the techniques are graphically described in Fig. 9.5. 



9.4.1 Continuous Ambulatory Peritoneal Dialysis (CAPD) 

This requires only connecting tubes and bags of solutions (usually 2 L of solution in 
3-L bags), using gravity to fill and empty the peritoneal cavity. The most commonly 
used method uses four exchanges per day, but, in some patients, five exchanges are 
necessary. A small number of patients use three exchanges, but this is inadequate 
under most circumstances, and should be discouraged. 



9.4.2 Automated Peritoneal Dialysis (APD) 

This technique uses a cycler with or without added manual exchanges. The two 
forms are continuous cycling PD (CCPD) and nocturnal intermittent PD (NIPD). In 
CCPD, at night, a cycler is used to have a few automated exchanges and, during day- 
time, there are one or two manual exchanges. The NIPD involves automated nightly 
exchanges and during the daytime the peritoneal cavity remains empty. There are 
different variations of APD with a variety of dwell times. Tidal PD (TPD) is also 
a variant of APD. All of these techniques are graphically shown in Fig. 9.5. In this 
technique, the patient loads the bags of solution on to a cycler and connects the 
catheter to this cycler just before going to sleep. During the night, the cycler makes 
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Continuous Ambulatory Peritoneal Dialysis 
Technique Using ‘Y’ Transfer Set 




1 . Keep patient side clamp (A) on 

- Open clamps B and C 

- Let small volume of fluid flush the tubes 

2. Close clamp B 
-Open clamp A 

-Drain all fluid from the patient into the empty bag 

3. Close clamp C 

-Open clamp B and fill the peritoneal cavity 
-Close clamp A and catheter clamp 
-Disconnect the ‘Y’ set with bags 



Fig. 9.4 Continuous ambulatory peritoneal dialysis technique using a “Y” transfer set 



four to five or more exchanges automatically. In the morning, 2 L of solution are left 
in the abdomen and the patient disconnects from the cycler. During the day, there 
is usually no exchange and, at night, the procedure is repeated. Sometimes, to im- 
prove clearance, an additional exchange is performed in the early evening or late 
afternoon. 



9.4.2.1 Tidal Peritoneal Dialysis (TPD) 

In an attempt to better use the time during inflow and outflow, when the peritoneal 
cavity may be empty without any dialysis, the TPD technique was developed. The 
peritoneal cavity is filled to the maximum capacity tolerable and, after a relatively 
short dwell time (e.g., 20 min), half of the volume is drained out and replaced. This is 
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9 pm 7 am 4. CAPD 9 pm 

Fig. 9.5 Different types of peritoneal dialysis techniques. The yellow box represents the peritoneal 
cavity filled with fluid, each box representing one exchange 



repeated (at equal intervals), ensuring ongoing dialysis and assuring that the cavity 
is never empty. The cost of the large volume of fluid needed for this technique is 
high, the persistently high intra-abdominal pressure can increase the risk of certain 
complications (such as hernias of the viscera), UF calculations are more complex, 
and a specialized cycler is needed for this technique. It is more frequently used in 
children. 



9.4.2.2 Cyclers 

Several different versions of these simple machines are available commercially, each 
of which allows the desired volume of fluid to flow into the abdomen automatically. 
After the set dwell time, the machine permits the outflow to begin and measures the 
outflow volume. It also tracks the difference between the inflow and outflow, thus 
measuring the UF volume. Opening and closing of different sets of clamps performs 
the alternate cycling. The cyclers also warm the dialysate and can repeat outflow if 
the desired volume has not been recovered. Failure to provide an appropriate volume 
of inflow or outflow can trigger alarms and shut off the machine. 
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Chapter 10 

Dose of Peritoneal Dialysis 



The dose of peritoneal dialysis (PD) has traditionally been measured by small solute 
(urea and creatinine) clearances. However, based on one large study from Mexico 
(Adequacy of Peritoneal Dialysis in Mexico [ADEMEX]) and a small study from 
Hong Kong, Kidney Disease Outcomes Quality Initiative (KDOQI) guidelines have 
been modified to a lower target of Kt/V urca (K is the plasma urea clearance, t is 
the duration of dialysis, and V urea is the volume of distribution of urea), and cre- 
atinine clearance as a dose measure has been omitted. However, a previous study 
from North America (Canada-USA [CANUSA]) had suggested the previously held 
higher targets. Several studies have shown that the outcome in these patients is di- 
rectly dependent on the residual renal function rather than peritoneal clearance. In 
the opinion of this author, from our experience with intermittent peritoneal dialy- 
sis (IPD), we must be very vigilant about the dose of dialysis and must not reduce 
our target values based on two studies from populations that are smaller in size and 
have a different nutritional intake. Recognizing this, the European Guideline, while 
reducing the target, recommends that only the contribution made by the peritoneal 
membrane should be considered in measuring the dose, and renal clearance should 
not be added. The prognosis of PD patients is influenced directly by the dose of dial- 
ysis. Because the contribution of residual renal function to the total dialysis dose is 
significant, it is important that renal contribution and the total dose of dialysis are 
both measured frequently. If either of these decrease significantly, the patient must 
be monitored very closely and, at the first sign of under-dialysis, therapy must be 
modified to avoid premature death from under-dialysis. Because of these concerns, 
this section will discuss the traditional methods and targets [1], 



10.1 Weekly Creatinine Clearance 

Boen et al. [2] were the first to propose that weekly creatinine clearance (WCICr) 
be used to quantify dialysis dose. Total WCICr combines the glomerular filtration 
rate (GFR) with the peritoneal creatinine clearance (WpCICr) and normalizes it for 
a body surface area (BSA) of 1 .73 m 2 : 
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10 Dose of Peritoneal Dialysis 



1 . Calculate residual GFR, convert it to weekly clearance 

2. Calculate peritoneal creatinine clearance and convert it to weekly clearance 
(WpCICr) 

3. Estimate BSA from height and weight 

4. Normalize the WpCICr to a BSA of 1 .73 m 2 

5. Weekly creatinine clearance = GFR (from Step 1) + WpCICr per 1 .73 m 2 (from 
Step 5) 

10.1.1 Residual Glomerular Filtration Rate 

With declining GFR, the tubular secretion of creatinine increases; creatinine clear- 
ance overestimates true GFR. To correct for the tubular creatinine secretion, the 
average of urea and creatinine clearance is used to estimate GFR. 

GFR = (renal urea clearance + renal creatinine clearance)/2 

Some investigators use 50% of measured creatinine clearance as GFR, thus, GFR 
= 0.5 renal creatinine clearance. The first method is more commonly used. 



Example 

A 70-kg, 140-cm tall, 45-year-old man is on continuous ambulatory PD 
(CAPD), four exchanges/day, each using 2 F of fluid. Twenty-four-hour urine 
collection and blood values are: 

Urine volume, 90 ml; urine creatinine, 140mg/dl; semm creatinine, 
9mg/dl; urine urea, 650mg/dl; BUN, 80mg/dl. 

GFR calculation (using formula UV/p): 

Renal creatinine clearance (rCICr) = 9.7 ml/min 

(At this level of renal impairment, a significant part of the creatinine is 
secreted by the renal tubules, thus, only a fraction of 9.7 ml/min is a result of 
glomerular filtration ). 

Renal urea clearance (rClU) = 5.07 ml/min 

GFR = (5.07 + 9.7)/2 = 7.4ml/min; 10,080 min/week = 74.5 F/week 



10.1.2 Peritoneal Creatinine Clearance 

Peritoneal creatinine clearance (pCICr) is measured by collecting all peritoneal out- 
flow for 24 h and measuring creatinine in the dialysate and in the blood. The usual 
clearance formula is used. 





10.1 Weekly Creatinine Clearance 
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Example 

The above patient collects all four exchanges in 24 h and the total volume 
is 10 L, the creatinine concentration in the dialysate is 8.0mg/dl, and serum 
creatinine is still 9 mg/dl. Thus: 

pCICr = (8mg/dl x 10, 000 ml)/ (9 mg/dl x 1440min) 

= 6. 1 ml /min or 6 . 1 ml /min x 1 0080 min /week = 6 1 .5 L /week 



10.1.3 Correction for Body Surface Area 

The WCICr should be normalized for 1.73m 2 . BSA from weight (kilograms) and 
height (centimeters) can be either estimated on a nomogram (see Fig. 10.1) [3], or 
calculated by one of the following formulae [1]: 

DuBois and DuBois method: BSA (m 2 ) = 71.84 x weight 0 ' 425 x height 0,725 
Gehan and George method: BSA (m 2 ) = 0.0235 x weight 0,51456 x 
height 0,42246 

Haycock method: BSA (m 2 ) = 0.024265 x weight 0,5378 x height 0,3964 



Often the desired (ideal) weight rather than actual weight is used to calculate 
BSA, this is to reduce the effect of malnourished or obese weight. 



Body Surface Area as a Function of Body Weight and Height 




Height (cm) 



Fig. 10.1 Body surface area as a function of body weight and height. Reproduced from [3] with 
permission 






